Investigation of the shock wave boundary layer interaction of scramjet intake flows by Neuenhahn, Thomas
 Investigation of the shock wave/boundary layer 
interaction of scramjet intake flows  
 
 
 
 
Von der Fakultät für Maschinenwesen der  
Rheinisch-Westfälischen Technischen Hochschule Aachen  
zur Erlangung des akademischen Grades eines Doktors der  
Ingenieurwissenschaften genehmigte Dissertation 
 
 
 
vorgelegt von  
 
Thomas Neuenhahn 
 
 
 
 
 
 
 
 
 
 
 
Berichter:    Universitätsprofessor Dr.-Ing. H. Olivier 
    Universitätsprofessor Dr.-Ing. J. Ballmann 
  
Tag der mündlichen Prüfung: 25. März 2010  
 
  
  
Shaker  Verlag
Aachen  2010
Berichte aus der Luft- und Raumfahrttechnik
Thomas Neuenhahn
Investigation of the shock wave/boundary layer
interaction of scramjet intake flows
WICHTIG: D 82 überprüfen !!!
Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.
Zugl.: D 82 (Diss. RWTH Aachen University, 2010)
Copyright  Shaker  Verlag  2010
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of the publishers.
Printed in Germany.
ISBN 978-3-8322-9187-7
ISSN 0945-2214
Shaker  Verlag  GmbH  •  P.O. BOX 101818  •  D-52018  Aachen
Phone:  0049/2407/9596-0   •   Telefax:  0049/2407/9596-9
Internet: www.shaker.de   •   e-mail: info@shaker.de
 Acknowledgement 
The work presented in this thesis is the outcome of my role as scientific worker at the 
Shock Wave Laboratory of RWTH Aachen University. It was mainly funded by the scholar-
ship of the research training group GRK 1095/1: “The aero-thermodynamic design of a 
scramjet propulsion system”. 
In the first place, I would like to thank the Head of the Shock Wave Laboratory who 
acted as my prinicple supervisor – Prof. Dr.-Ing. Herbert Olivier. His endurance when chal-
lenging experimental and numerical results as well as developed theories throughout my 
project is highly appreciated. His assistance enabled a deeper insight into my area of study 
and thereby raised the sientific level and the value of this thesis. I also express my gratitude 
to Prof. Dr.-Ing. Josef Ballmann for being my secondary supervisor, for his support of the 
research training group and his interest in my work. 
I am indebted to Professor Russle Boyce from The University of Queensland, Australia. 
His suggestion to investigate the influence of blunt leading edges as well as his general 
guidance and advice during his research activities at the Shock Wave Laboratory and there-
after were of enormous help. During my diploma thesis Professor Allan Paull and his Hy-
Shot team, also affiliated with The University of Queensland, gave me the opportunity to get 
hands-on experience with real scramjet engines which finally initiated my interest in scram-
jet-related research. I feel honoured to have participated in their work and got inspired with 
their passion.  
Dr. Alexander Heufer and Alexander Weiss are appreciated for engaging in the prob-
lems and the theories I worked on, and not to forget their kind friendship. Thanks also to my 
students B. Akih Kumgeh, A. Peters, B. Haker, N. Weidner, J. Kitzhofer and S. Tillmann for 
their contributions to this thesis and interesting discussions we had. 
Another important factor for my research was the enjoyable work environment at the 
Shock Wave Laboratory which has been manifested by the “Friday Barbecues Tradition”. I 
thank all of my former colleagues and the whole staff creating such atmosphere. Particular 
thanks to the workshop headed by Markus Eichler, Heinrich Schobben for his passion and 
fatherlike care of the wind tunnel models as well as Hans Peter Michels without whom not a 
single measurement would have been taken. 
Finally, I want to express my deepest gratitude to my parents for their ongoing concern 
and permanent encourangement. To my friends, thank you for maintaining our friendship 
and accepting that I spend most of my time on the preparation of this thesis. The last things 
said are the best remembered thus being the important ones: I wish to thank my girlfriend 
Christine for her love and support over  the last few years. 
 I 
Contents 
Contents............................................................................................................................ I 
List of Figures ................................................................................................................III 
Tables .............................................................................................................................XI 
Nomenclature ..............................................................................................................XIII 
1 Introduction.............................................................................................................1 
1.1 Overview......................................................................................................1 
1.2 Aim of the thesis ..........................................................................................4 
1.3 Scientific approach and thesis structure........................................................5 
2 Hypersonic flow and intake design .........................................................................7 
2.1 Shock waves and expansion fans..................................................................9 
2.2 Boundary layer ...........................................................................................12 
2.2.1 Laminar boundary layer ........................................................................12 
2.2.2 Turbulent boundary layer ......................................................................15 
2.2.3 Boundary layer transition and relaminarization ....................................16 
2.2.4 Viscous interaction theory.....................................................................19 
2.3 Entropy layer ..............................................................................................20 
2.4 Shock wave/boundary layer interaction......................................................25 
2.4.1 Qualitative behaviour ............................................................................27 
2.4.2 Quantitative behaviour ..........................................................................30 
2.5 Three-dimensional flow phenomena ..........................................................35 
2.5.1 Goertler vortices....................................................................................35 
2.5.2 Finite span effect...................................................................................38 
2.5.3 Side wall effects ....................................................................................39 
2.6 Isolator flow ...............................................................................................40 
2.7 Intake design and investigation options......................................................42 
3 Experimental testing and numerical simulation ....................................................47 
3.1 Hypersonic shock tunnel TH2 ....................................................................47 
3.1.1 Principle of a shock tunnel ....................................................................48 
3.1.2 Free stream conditions ..........................................................................49 
3.2 Measurement techniques ............................................................................51 
3.2.1 Pressure measurement...........................................................................51 
3.2.2 Temperature measurement and heat flux determination........................52 
3.2.3 Schlieren visualisation ..........................................................................53 
II Contents 
 
3.3 Model heating technique ............................................................................60 
3.3.1 Heating..................................................................................................61 
3.3.2 Thermal insulation and active cooling ..................................................64 
3.3.3 Thermal expansion................................................................................70 
3.4 Numerical flow simulation .........................................................................72 
3.4.1 CFD software ........................................................................................72 
3.4.2 Grid refinement and validation .............................................................72 
3.4.3 Menter/Langtry transition model...........................................................74 
3.4.4 Mesh splitting technique .......................................................................77 
4 Results and Discussion .........................................................................................79 
4.1 Derivation of an analytically based model for the SWBLI separation length
 79 
4.2 Validation and application of the analytically based model .......................85 
4.3 Laminar incipient separation process .........................................................88 
4.4 Two-dimensional shock wave/boundary layer interaction .........................94 
4.4.1 Reynolds number influence...................................................................94 
4.4.2 Mach number influence.........................................................................96 
4.4.3 Influence of the boundary layer upstream of the interaction .................97 
4.4.4 Transitional interaction .........................................................................99 
4.4.5 Wall temperature influence .................................................................104 
4.4.6 Influence of the leading edge bluntness ..............................................105 
4.4.7 Combined wall temperature/leading edge bluntness effect .................115 
4.5 Three-dimensional shock wave/boundary layer interaction .....................118 
4.5.1 Reference case without side walls.......................................................118 
4.5.2 Wall temperature influence .................................................................126 
4.5.3 Side wall influence..............................................................................134 
4.5.4 Total temperature influence ................................................................140 
4.5.5 Blunt leading edge influence without side walls .................................145 
4.5.6 Blunt leading edge influence with side walls ......................................153 
4.6 Undisturbed shoulder flow .......................................................................162 
5 Conclusion and outlook ......................................................................................165 
6 References...........................................................................................................171 
 
 III 
List of Figures 
Fig. 1-1: Comparison of rocket and scramjet schematic .........................................1 
Fig. 1-2: Damaged pylon mounted under X-15 experimental plane due to 
SWBLI of impinging bow shock66 ............................................................4 
Fig. 1-3: Flow phenomena of a scramjet intake.......................................................5 
Fig. 2-1: Intake model mounted in the hypersonic shock tunnel TH2......................7 
Fig. 2-2: Roadmap of the scramjet intake design process........................................8 
Fig. 2-3: Inviscid outer compression flow field........................................................9 
Fig. 2-4: Geometry of outer compression ramps ...................................................10 
Fig. 2-5: Isolator geometry ....................................................................................11 
Fig. 2-6: Skin friction factor for laminar compressible boundary layers,103 T?? 
=  200 K.................................................................................................13 
Fig. 2-7: Mach number profiles of laminar boundary layers, TW = 300 K ............14 
Fig. 2-8: Transition correlations based on various wind tunnel and flight data 
for cones96..............................................................................................17 
Fig. 2-9: Sketch of the transition process2 .............................................................17 
Fig. 2-10: Various path to transition81...................................................................19 
Fig. 2-11: Relaminarization process102 ..................................................................19 
Fig. 2-12: Flow field of a flat plate with blunt leading edge, Ma = 6, Re = 
7.2·106 1/m, R = 0.5 mm ........................................................................21 
Fig. 2-13: Shock stand-off distance as function of Mach number and leading 
edge radius ............................................................................................22 
Fig. 2-14: Pressure distributions of flat plate flow (Fig. 2-12) with different 
leading edge radii,Ma = 6, Re = 7.2·106 1/m ....................................23 
Fig. 2-15: Classification of the flow field downstream of the detached and 
curved bow shock ..................................................................................23 
Fig. 2-16: Sketch of entropy layer swallowing.......................................................24 
Fig. 2-17: Sketch of the SWBLI at a compression corner ......................................26 
Fig. 2-18: Schematic pressure distribution of a SWBLI.........................................26 
Fig. 2-19: Laminar SWBLI of a flat plate/ramp configuration, Exp. by 
Holden42 ................................................................................................27 
Fig. 2-20: Incipient separation angle for a free stream temperature of 221 K 
and different Mach numbers: isothermal wall temperature of 300 K 
and adiabatic wall temperatures ...........................................................33 
IV List of Figures 
Fig. 2-21: Sketch of Goertler vortices85 .................................................................36 
Fig. 2-22: Sketch of a SWBLI with downstream flow field,53 IS: impinging 
shock, SS: separation shock,  E: expansion, RS: reattachment shock ...36 
Fig. 2-23: NASA Hyper X-43 with leading edge protection mounted on the 
Pegasus booster67 ..................................................................................38 
Fig. 2-24: Three-dimensional SWBLI due to a glancing shock wave97 ..................39 
Fig. 2-25: Shock train in the isolator14...................................................................40 
Fig. 2-26: Outer compression surfaces of the double ramp (left) and the 
intake model (right) ...............................................................................42 
Fig. 2-27: Isolator of the scramjet intake model with pitot tubes mounted in a 
wedge for combustion chamber pressure simulation ............................43 
Fig. 2-28: Different investigation options of the intake model...............................44 
Fig. 2-29: CATIA model of the intake model..........................................................46 
Fig. 3-1: Hypersonic shock tunnel TH2 .................................................................47 
Fig. 3-2: Principle of the shock tunnel in helium driven mode ..............................48 
Fig. 3-3: Flow in a shock tube after the double diaphragm is broken3 ..................49 
Fig. 3-4: Pressure taps, thermocouples and IR imaging positions (top view), 
line scans are y1 = 4.9 mm and y2 = 19.4 mm offset from the centre 
line.........................................................................................................52 
Fig. 3-5: Optical setup of the TH2 schlieren image system (not to scale)..............53 
Fig. 3-6: Different positions of the light source image for different density 
gradients................................................................................................54 
Fig. 3-7: Measurement range of the schlieren optic system as function of 
source image’s height, the reference coordinate system is given in 
Fig. 2-4 ..................................................................................................58 
Fig. 3-8: Schlieren knife component ......................................................................59 
Fig. 3-9: Schlieren images of shock train flow displaying density gradients 
with respect to the horizontal (upper) and with respect to vertical 
(lower)107,108...........................................................................................60 
Fig. 3-10: Sketch of intake model’s ramp plate with grooves for the heating 
wires (bottom view) ...............................................................................62 
Fig. 3-11: Temperature distribution of Bleileben’s model9 with Tmax = 740 K 
and the intake model without side walls with Tmax = 600 K...................63 
List of Figures V 
Fig. 3-12: Temperature distribution of the intake model’s surface with side 
walls (Fig. 2-26, right) in streamwise (left) and lateral direction 
(right) ....................................................................................................64 
Fig. 3-13: Bottom view of the sandwich construction mounted on the heated 
metal plates (upper), sectional view of the sandwich construction 
(lower) ...................................................................................................65 
Fig. 3-14: Temperature distribution across the sandwich construction.................67 
Fig. 3-15: First and second ramp pressure transducer cooler with sandwich 
constructions after the experiments, (bottom view) ...............................68 
Fig. 3-16: Pressure transducer cooler installation (left) and first ramp 
pressure transducer cooler with cooling channel path (white 
dashed line) (right) ................................................................................69 
Fig. 3-17: Thermal expansion strategy of the intake model ...................................72 
Fig. 3-18: Grid refinement influence on the separation length of a SWBLI, 
case L.....................................................................................................74 
Fig. 3-19: Coupling of the transition model with the RANS solver and the 
turbulence model ...................................................................................75 
Fig. 3-20: Reynolds number based on the momentum thickness and the 
maximum vorticity Reynolds number along a hypersonic flat plate 
flow, Ma = 7.5, Re = 1·107 1/m ..........................................................77 
Fig. 3-21: Stanton number distributions of the double ramp configuration for 
the whole domain and with the mesh splitting technique ......................78 
Fig. 4-1: Experimental and numerical schlieren image, Ma = 8.1, TW = 760 
K, R = 0.5 mm .......................................................................................79 
Fig. 4-2: Sketch of a shock wave/boundary layer interaction with wall 
pressure distribution..............................................................................80 
Fig. 4-3: Schematic sketch of the velocity and impulse profile at reattachment 
with indicated sonic height....................................................................82 
Fig. 4-4: Qualitative velocity and shear stress distributions along the shear 
layer lower edge ....................................................................................83 
Fig. 4-5: Shear stress along the lower and the upper boundary of the control 
area from numerical simulation ............................................................85 
Fig. 4-6: Separation length of case H for ramp angles of 11° to 15°.....................86 
Fig. 4-7: Incipient laminar separation angles for different Mach numbers, ReL 
= 0.2·106, TW/TI = 1.36, TI = 221 K.......................................................89 
VI List of Figures 
Fig. 4-8: Sketch of well separated, tailored SWBLI ...............................................89 
Fig. 4-9: Verification of the separation pressure prediction by the free 
interaction theory (eq. (2.34)) for a cold wall (TW = 300 K) as 
function of unit Reynolds number (left) and Mach number (right)........90 
Fig. 4-10: Reattachment pressure ratios at incipient separation as function of 
Mach number, ReI = 4.82·106 1/m, TI = 221 K......................................91 
Fig. 4-11: Numerically determined separation, reattachment and incipient 
pressure ratio of equations (4.14) to (4.16) for different Mach 
numbers, ReI = 4.82·106 1/m .................................................................93 
Fig. 4-12: Reynolds number effect of a laminar SWBLI: Experiment56 and 
CFD, MaI = 6 ........................................................................................95 
Fig. 4-13: Separation length as function of Reynolds number, case L, MaI = 6 ....95 
Fig. 4-14: Variation of the reference height factor, the skin friction factor, the 
effective pressure and the separation length with Mach number ..........97 
Fig. 4-15: Pressure distributions of laminar and turbulent SWBLI: Exp. and  
CFD, Cond.I: MaI = 6, ReI,L = 1.1·106, ramp deflection 11.5°, 
dashed sep. and rea. positions from schlieren images ..........................98 
Fig. 4-16: Stanton number distributions of laminar and turbulent SWBLI: 
Exp. and  CFD, Cond. I:   MaI = 6, ReI,L = 1.1·106, ramp deflection 
11.5°, dashed separation (sep.) and reattachment (rea.) positions 
from schlieren images ......................................................................... 100 
Fig. 4-17: Pressure and Stanton number distributions for laminar, 
transitional and turbulent SWBLI, Cond. I: MaI = 6, ReI,L = 
1.1·106, ramp deflection 11.5°, dashed separation (sep.) and 
reattachment (rea.) positions from schlieren images .......................... 102 
Fig. 4-18: Flow fields in the vicinity of the kink: a) pressure distribution for 
Tu = 0.8%, b) intermittency distribution for Tu = 0.8%, c) 
intermittency distribution for Tu = 0.1%, Cond. I: MaI = 6, ReI,L = 
1.1·106, ramp deflection 11.5° ............................................................. 103 
Fig. 4-19: Pressure distributions for the double ramp configuration with 
different wall temperatures, Cond. I: MaI = 6, ReI,L = 1.1·106, ramp 
deflection 11.5°, dashed separation (sep.) and reattachment (rea.) 
positions from schlieren images .......................................................... 104 
Fig. 4-20: Pressure and Stanton number distributions for different leading 
edge radii and a cold wall temperature (TW = 300 K), Cond. I: MaI 
List of Figures VII 
= 6, ReI,L = 1.1·106, ramp deflection 11.5°, dashed separation 
(sep.) and reattachment (rea.) positions from schlieren images ......... 106 
Fig. 4-21: Separation length as function of combined bluntness viscous 
interaction parameter.......................................................................... 107 
Fig. 4-22: Skin friction coefficient as function of the leading radius for 
different locations downstream of the leading edge, dashed line: 
entropy layer swallowing .................................................................... 108 
Fig. 4-23: Sketch of entropy layer swallowing with corresponding pressure 
distribution .......................................................................................... 110 
Fig. 4-24: Pressure distributions downstream of the leading edge for different 
leading edge radii................................................................................ 114 
Fig. 4-25: Sketch of entropy layer swallowing within the viscous interaction 
regime.................................................................................................. 116 
Fig. 4-26: Separation and reattachment positions for different leading edge 
radii as function of the wall temperature ratio.................................... 116 
Fig. 4-27: Colour schlieren image of the reference case ..................................... 117 
Fig. 4-28: IR image of the reference case, solid line: kink, black markers: 
thermocouples ..................................................................................... 117 
Fig. 4-29: IR image of the flow field with side walls............................................ 117 
Fig. 4-30: Pressure distributions of the reference case, Cond. I, TW = 300 K, 
dashed separation (sep.) and reattachment (rea.) positions from 
schlieren images .................................................................................. 118 
Fig. 4-31: Zoom 1 of Fig. 4-27: SWBLI ............................................................... 119 
Fig. 4-32: Zoom 2 of Fig. 4-27: Downstream of the SWBLI (increased 
contrast) .............................................................................................. 119 
Fig. 4-33: Stanton number distributions of the reference case, Cond. I, TW = 
300 K, dashed separation (sep.) and reattachment (rea.) positions 
from schlieren images ......................................................................... 120 
Fig. 4-34: Heat flux distributions of the second ramp for shifted Goertler 
vortices, Cond. I, TW = 300 K, dashed reattachment (rea.) position 
from schlieren images ......................................................................... 121 
Fig. 4-35: Stanton number distributions of the second ramp for different 
experiments of the reference case, Cond. I, TW = 300 K, dashed 
reattachment (rea.) position from schlieren images............................ 122 
VIII List of Figures 
Fig. 4-36: Pressure and Stanton number distributions in lateral direction 
without side walls of the reference case, Cond. I, TW = 300 K............ 124 
Fig. 4-37: Stanton number distributions of the experiment and the numerical 
solution of the reference case, Cond. I, TW = 300 K, separation 
(sep.) and reattachment (rea.) positions from schlieren images ......... 124 
Fig. 4-38: Schlieren images for different wall temperatures, Cond. I.................. 127 
Fig. 4-39: Separation and reattachment positions for different wall-to-free-
stream-temperature ratios, Cond. I with TI = 100 K........................... 129 
Fig. 4-40: Pressure distributions for different wall temperatures, Cond. I, 
dashed separation (sep.) and reattachment (rea.) positions from 
schlieren images .................................................................................. 130 
Fig. 4-41: Elevated wall temperature effect on the first ramp’s pressure 
distribution .......................................................................................... 131 
Fig. 4-42: Side flow influence on the flow of the first ramp, view onto the 
surface (left), sketch of the pressure distribution (right) ..................... 132 
Fig. 4-43: Effect of wall temperature on the surface pressure of the first ramp ..133 
Fig. 4-44: Stanton number distributions for different wall temperatures, Cond. 
I, dashed separation (sep.) and reattachment (rea.) positions from 
schlieren images .................................................................................. 134 
Fig. 4-45: Schlieren image with installed side walls, Cond. I, TW = 300 K.......... 135 
Fig. 4-46: Zoomed image of Fig. 4-45: SWBLI.................................................... 136 
Fig. 4-47: Pressure distributions with and without side walls as well as 
numerical simulation, Cond. I, dashed sep. and rea. positons from 
schlieren images .................................................................................. 137 
Fig. 4-48: Stanton number distributions with and without sidewalls, Cond. I, 
TW = 300 K, dashed separation (sep.) and reattachment (rea.) 
positions from schlieren images .......................................................... 138 
Fig. 4-49: Pressure (left) and Stanton number distribution (right) in lateral 
direction for the reference case and the intake model with installed 
side walls (WSW), TW = 300 K ............................................................ 140 
Fig. 4-50: Pressure distributions for different total temperatures (TW/TI = 
1.9), WSW, R = 0 mm, dashed separation (sep.) and reattachment 
(rea.) positions from schlieren images ................................................ 141 
List of Figures IX 
Fig. 4-51: Stanton number distributions for different total temperatures, 
WSW, R = 0 mm, dashed separation (sep.) and reattachment (rea.) 
positions from schlieren images .......................................................... 142 
Fig. 4-52: Separation size of the SWBLI as function of the leading edge 
radius, Cond. I, TW = 300 K ................................................................ 146 
Fig. 4-53: Schlieren images of the model without side walls and different 
leading edge radii, Cond. I, TW = 300 K, displayed density gradient 
range: ± 100 kg/m4 .............................................................................. 147 
Fig. 4-54: Temperature distributions normal to the wall upstream of the 
interaction (s/L1 = -0.73) for different leading edge radii obtained 
by numerical simulations..................................................................... 148 
Fig. 4-55: Pressure distributions for different leading edge radii without side 
walls, Cond. I,               TW = 300 K, dashed separation (sep.) and 
reattachment (rea.) positions from schlieren images .......................... 150 
Fig. 4-56: Leading edge bluntness influence on the pressure distribution of 
the first ramp, Cond. I,      TW = 300 K, dashed separation (sep.) 
positions from schlieren images .......................................................... 151 
Fig. 4-57: Stanton number distributions for different leading edge radii 
without side walls, Cond. I,    TW = 300 K, dashed separation (sep.) 
and reattachment (rea.) positions from schlieren images ................... 152 
Fig. 4-58: Schlieren images for different leading edge radius, density gradient 
range: ±70 kg/m4 ................................................................................. 154 
Fig. 4-59: Schlieren image of the flow field with a leading edge radius of 2.25 
mm: decreased measurement range by optical setup (upper), digital 
decreased measurement range (lower)................................................ 156 
Fig. 4-60: Pressure distributions for different leading edge radii with side 
walls, Cond. I, TW = 300 K, dashed separation (sep.) and 
reattachment (rea.) positions from schlieren images .......................... 159 
Fig. 4-61: Pressure distributions for different leading edge radii with side 
walls, first ramp, Cond. I, dashed separation (sep.) positions from 
schlieren images .................................................................................. 160 
Fig. 4-62: Stanton number distributions for different leading edge radii with 
side walls, Cond. I,         TW  = 300 K, dashed separation (sep.) and 
reattachment (rea.) positions from schlieren images .......................... 160 
X List of Figures 
Fig. 4-63: IR image for increased total temperature with side walls, Cond. II, 
TW/TI = 1.9, R = 0 mm......................................................................... 161 
Fig. 4-64 IR image for a leading edge radius of 0.5 mm and with side walls, 
Cond. I, TW = 300 K............................................................................. 161 
Fig. 4-65: Schlieren image of the shoulder flow for the reference case, Cond. 
I, TW = 300 K, R = 0 mm ..................................................................... 161 
Fig. 4-66: Turbulence intensity in the vicinity of the inlet shoulder, Cond. I, 
TW = 300 K, R = 0 mm......................................................................... 162 
Fig. 4-67: Schlieren image showing the transition downstream of the intake’s 
shoulder, Cond. I,         TW = 300 K, R = 0 mm................................... 163 
Fig. 4-68: Sketch of the transition downstream of the intake’s shoulder, grey 
thick lines show the temperature distributions for the laminar 
(lam.) and the turbulent (turb.) boundary layer .................................. 163 
Fig. 5-1: Concept engine with ten engine modules,26 isometric view (top) and 
front view (bottom) .............................................................................. 169 
 XI 
Tables 
Tab. 2.1: Qualitative effects of various influences on the separation length .........29 
Tab. 2.2: Geometry of the double ramp (DR) and the intake model (IM) ..............45 
Tab. 3.1: Free stream conditions based on intake model leading edge and free 
stream gradients ....................................................................................50 
Tab. 3.2: Heating technique enhancement .............................................................62 
Tab. 4.1: Verification of the incipient separation correlation................................93 

 XIII 
Nomenclature 
B  model width 
C  Chapman-Rubesin factor [-] 
CD  drag coefficient [-] 
CH  Stanton number [-] 
Ccf  = cf·(Ree·x)0.5, skin friction factor [-] 
Ch  = yMa=1/x·Rex0.5, sonic height factor [-] 
D  leading edge diameter [m] 
E  luminous intensity [cd] 
F  universal correlation function [-] 
H  height of the intake [m] 
HIso  height of the isolator exit [m] 
I  impulse averaged over height h [Pa] 
K  hypersonic similarity parameter [-], Gladstone Dale constant [m3/kg] 
L  first ramp length of the double ramp model [m] 
L1  first ramp length of the intake model [m] 
LH  = 439.4 mm, reference length of case H 
LL  = 62.5 mm, reference length of case L 
LUI  upstream interaction length [m] 
Lx  length of ramp “x” [m] 
Ma  Mach number [-] 
N  correction factor of the analytically based model [-] 
I  intensity of the schlieren image [-] 
Peff  effective pressure [-] 
Pr  Prandtl number [-] 
R  leading edge radius [m] 
Ree  = eue/e, unit Reynolds number based on edge conditions [1/m] 
Rex  = euex/e, Reynolds number for running length x [-] 
Re   momentum thickness Reynolds number [-] 
ReC  critical Reynolds number [-] 
Re,max  maximum vorticity Reynolds number [-] 
Ret  transition onset Reynolds number [-] 
Ret*  transported transition Reynolds number [-] 
T  temperature [K] 
XIV Nomenclature 
W  thermal resistance [K/W] 
Ye  vertical distance from the horizontal to the boundary layer edge [m] 
YS  vertical distance from the horizontal to the shock layer edge [m] 
Y0  vertical distance from the horizontal to the entropy layer edge [m] 
YW  vertical distance from the horizontal to the wall [m] 
 
b  width of the light source image [m] 
c  cut-off [-] 
cf  skin friction coefficient [-] 
cp  specific heat capacity 1004.5 [J/kgK]; pressure coefficient [-] 
f2  focal length of the second concave mirror [m] 
h  enthalpy [J/kg], height of the source image [m] 
m  magnification factor [-] 
p  pressure [Pa]  
q  dynamic pressure [Pa] 
  heat flux [W/m2] 
r  recovery factor [-] 
s  coordinate along the model surface [m] 
sRA  Reynolds analogy factor [-] 
u  velocity [m/s] 
w  wave velocity [m/s] 
y*  wall distance of the Van Driest solution [-] 
 
Greek 
h  height of source image passing the schlieren knife [m]  
t  exposure time [s] 
  sensitivity factor of the camera [1/(cd·s)] 
SF  side flow spreading angle [deg] 
	  flow deflection angle [deg] 
	C  combined viscous/bluntness interaction parameter [-] 

  ratio of specific heats [-] 
  boundary layer thickness [m] 
*  displacement thickness [m] 
S  shock stand-off distance [m] 
  density ratio across a normal shock wave for Mach equals infinity [-] 
 q
Nomenclature XV 
  density [kg/m3] 
  shock angle [deg], Boltzmann constant 5.67·10-8 [W/(m2·K4)] 
  shear stress [Pa] 
  parameter describing the bluntness effect [-] 
  characteristic wave length [m] 
  dynamic viscosity [kg/(m·s)] 
  viscous interaction parameter [-] 
  parameter describing the displacement effect [-] 
 
Suffix 
H  SWBLI investigated by Holden 
L  SWBLI investigated by Lewis  
LE  leading edge 
S  sample 
UI  upstream interaction region 
V  experiment 
W  wall 
aw  adiabatic wall condition 
e  boundary layer edge condition 
inc  incipient 
lam  laminar 
lo   lower 
max  maximum 
opt  optimum 
pl  plateau 
ref  reference condition 
t  total or stagnation condition 
turb  turbulent 
up  upper 
 
0  reference image 
  free stream condition 
1 condition upstream of a shock wave; first ramp 
1,n  condition upstream to the shock wave: component normal to the shock 
2 condition downstream of a shock wave; second ramp 
 
XVI Nomenclature 
3  third ramp being the horizontal isolator part 
4 forth ramp being the isolator part with 1° opening angle 
5 cowl plate 
I  condition downstream of the first ramp shock  
II  condition downstream of the separation shock 
III  condition downstream of the second ramp shock for inviscid flow 
 
Superfix 
*  reference condition 
 
Abbreviations 
b.l.  boundary layer 
BB  black body 
BW  black and white 
BWT  blast wave theory 
CFD  computational fluid dynamics 
DLR  German Aerospace Center 
IR  infrared 
RANS  Reynolds averaged Navier Stokes  
Rea.  reattachment 
Sep.  separation 
SWBLI shock wave/boundary layer interaction 
TS  Tollmien-Schlichting  
VIT  viscous interaction theory 
WSW with side walls 
 
Reference experiments 
case H case Holden introduced on page 28 
case L case Lewis introduced on page 73 
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1 Introduction 
1.1 Overview 
A scramjet is a propulsion device for future space transportation as well as for other hy-
personic applications and belongs to the group of reaction engines providing propulsion by 
expelling reaction mass like rocket engines do. In contrast to rockets scramjets capture the 
ambient air for the combustion process so that the weight of the oxidiser required by rocket 
propulsion could be saved (Fig. 1-1). For a space launcher employing scramjet propulsion 
the saved weight can be used alternatively e.g. for the transportation of a further satellite so 
that the space transportation system’s efficiency would be increased. 
 
Fuel Oxidizer
compression isolator combustor nozzle
Fuel Oxidizer Combustor
shock waves
Ma 
shock train 
 
Fig. 1-1: Comparison of rocket and scramjet schematic 
 
Scramjets operate in the high-speed regime being above Mach numbers of 7 thus in the 
hypersonic regime. These high Mach numbers allow to facilitate the compression of the 
incoming air without moving parts as in ramjets. The compression process of ramjets decel-
erates the incoming supersonic flow to subsonic speeds whereas the flow in a scramjet 
remains supersonic throughout the engine. Since this holds especially for the combustion 
process, scramjet is the abbreviation of supersonic combustion ramjet. Given that ramjets 
have to decelerate the incoming flow to subsonic speeds, the corresponding shock losses are 
higher than for scramjets. Hence, the total pressure loss of the ramjet’s compression process 
is increased compared to the scramjet’s compression process.  
Due to these considerations scramjets offer the greatest potential for future space trans-
portation propulsion in the higher Mach number regime, but the high flow velocity causes 
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challenges which have to be overcome before scramjets are introduced into service. For 
example, one of these challenges is the high energy of the flow which, if brought to rest, 
reaches stagnation temperatures of more than 2000°C thus heating is a major issue. The 
simulation of such high enthalpy flow in ground test facilities is complicated, but due to the 
employment of shock tunnels several scramjet tests have been performed in the last 
years.45,60,77,86 Another option for studying scramjet flow fields are computational fluid 
dynamics (CFD) which made a tremendous progress in recent years, but still are not able to 
simulate all flow phenomena properly as e.g. boundary layer transition. The combination of 
experimental ground testing and numerical flow simulations allows one to overcome the 
disadvantages both methods imply when considered separately. Such combination provides 
a proper understanding and how to handle the technical challenges of this promising propul-
sion device in the most efficient manner.  
Scramjet research15 began more than 50 years ago with ground testing. Later, CFD 
simulations were employed and first flight tests of scramjet demonstration engines have only 
taken place in recent years.43,78,84 One part of the current German scramjet research is the 
research training group 1095/1 “Aero-thermodynamic design of a scramjet propulsion sys-
tem for future space transportation systems” which addresses in different research projects 
the aero-thermodynamics of the intake, the combustion chamber and the nozzle as well as 
the complete scramjet propulsion system by analytical, numerical and/or experimental 
means.27 The underlying thesis is the outcome of a project concerning the intake.  
The task of the intake can be simply described as follows: It should suck as much air as 
possible and compress it to the desired combustion chamber entrance conditions while 
generating as less drag and total pressure loss as possible. The sucked air mass flow together 
with the employed fuel defines the maximum achievable thrust, that subtracted by the drag 
of the intake and other vehicle parts determines the net thrust. Finally, the net thrust has to 
be positive for an accelerating vehicle as required for space transportation systems. This 
implies that the aerodynamics, which determine the mass capture and drag generation, need 
to be understood. Hence, this understanding allows the optimization of the net thrust and 
thereby of the scramjet’s efficiency.  
The intake’s drag is divided into a viscous and an inviscid part. The inviscid drag con-
sists of the wall pressure forces acting in the opposite of the flight direction whereby the 
wall pressure forces also account for the total pressure loss of the flow due to shock waves. 
These shock waves are generated e.g. by compression ramps deflecting the flow and with it 
compressing it. With increased ramp deflection the temperature and pressure raise due to the 
shock wave increases so that the desired combustion chamber entrance conditions are 
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achieved. On the other hand, an increased ramp deflection leads consequently to an increase 
of the inviscid drag thus a trade-off study between optimum combustion entrance conditions 
and the generated inviscid drag is required. The drag caused by viscous effects is generated 
in the boundary layers which develop on the flow wetted surfaces of the vehicle. In these 
boundary layers the flow is decelerated from hypersonic speeds at the boundary layers’ edge 
to zero velocity at the wall. Since hypersonic flows imply large velocity differences across 
the boundary layer, they feature the characteristic of thick boundary layers. The flow decel-
eration converts the flow’s high kinetic energy into high static temperatures within the 
boundary layers causing high heat loads thus the elevation of the wall temperature. For the 
viscous drag estimation of a boundary layer in addition to the Mach number, the Reynolds 
number, the static temperature at the edge of the boundary layer also the wall temperature 
has to be known. This approach is not straight forward as the wall temperature is the result 
of the convective heat flux from the fluid to the surface as well as the radiated, the con-
ducted and the convected heat flux into the vehicle so that the external aerodynamics are not 
decoupled from the vehicle interior design especially from the thermal protection system. 
This example demonstrates the complexity of the viscous drag estimation indicating that a 
detailed physical understanding is required to minimize the drag. 
Among the drag minimization the intake design also has to consider the heat load men-
tioned above so that the intake design in cooperation with the thermal protection system 
design has to maintain the wall temperatures within the material temperature limits. For this 
purpose the heat load must be estimated properly but especially the location and the amount 
of peak heating need to be known. Since peak heating occurs, e.g. at leading edges of the 
vehicle, blunt leading edges are employed to reduce this peak heating. Unfortunately, the 
bluntness generates additionally to the velocity and temperature boundary layer an entropy 
layer which affects the flow field and with it the heat load and the drag thus increases the 
intake design’s complexity.  
Another reason for peak heating is the interaction of a shock wave with a boundary layer 
being e.g. the interaction of the shock wave provoked by the ramp deflection and the bound-
ary layer developing on the compression ramps. This shock wave/boundary layer interaction 
(SWBLI) could cause boundary layer separation, and the following boundary layer reat-
tachment is accompanied with peak heating which could lead to severe damage as shown for 
a pylon mounted under NASA experimental plane X-15 flying at a Mach number of 6.8 
(Fig. 1-2). The plane’s bow shock impinged on the boundary layer developing on the pylons 
surface.  
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Fig. 1-2: Damaged pylon mounted under X-15 experimental plane due to SWBLI of impinging bow 
shock66 
 
In addition to the described task of providing sufficient combustion chamber entrance 
condition, the intake has a second task which is typical for scramjet intake: Due to the su-
personic combustion the pressure raises in the combustion chamber and acts upstream 
through the subsonic part of the boundary layers. This provokes additional shock waves 
which interact with the boundary layer to form a so-called shock train. This shock train is 
contained in a channel connecting the outer ramp compression with the combustion chamber 
– the so-called isolator (Fig. 1-1). An increased supersonic pressure rise leads to a corre-
sponding increase of the shock train length so that a shock train could extend beyond the 
isolator and with it is spilled out of the isolator. This results in a normal shock wave forming 
upstream of the isolator inlet. This intake unstart causes a massive reduction of the captured 
mass flow as well as an increased total pressure loss due to the formed normal shock wave 
so that intake unstart causes a failure of the scramjet engine. Due to the fact that a shock 
train just starting to develop is a “simple” SWBLI whereas the fully developed shock train 
constitutes a row of SWBLIs, the understanding of the SWBLI phenomenon would also ease 
the understanding of shock trains in general. 
1.2 Aim of the thesis  
This thesis aims to extend the knowledge of scramjet intake flows, especially of the 
SWBLI phenomenon under various free stream conditions and other influences. The SWBLI 
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is considered particularly as it occurs in a wide range of flows spanning from the transonic 
over the supersonic to the hypersonic flow regime. These flows occur e.g. at the supercriti-
cal wing employed in modern aircrafts, the control surfaces of aircrafts and missiles flying 
at supersonic speeds as well as the re-entry vehicles like the Space Shuttle. The research on 
SWBLIs started more than sixty years ago and is still an important topic of the ongoing 
research. At present e.g. the heat load and the drag of a two-dimensional scramjet intake 
with a sharp leading edge could be estimated even with occurrence of a SWBLI provided 
that the size of the SWBLI is known.94 However, so far no analytical prediction method 
exists for the size of a SWBLI which depends on various flow similarity parameters (e.g. the 
Mach number), but a few correlations10,47 with a specific scope have been developed. These 
parameters change significantly for a space transportation system accelerating and passing 
altitudes with different atmospheric conditions. Due to the fact that the flow similarity pa-
rameters also affect the flow phenomena occurring e.g. at the outer compression ramps (Fig. 
1-3) which also influence the SWBLI size, a thorough understanding of these phenomena 
and the flow similarity parameters of the SWBLI are required for the scramjet intake design.  
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Fig. 1-3: Flow phenomena of a scramjet intake  
1.3 Scientific approach and thesis structure 
To investigate the SWBLI in a scramjet intake under various influences, the current state 
of knowledge and the respective theoretical concepts concerning hypersonic flows are intro-
duced in chapter 2.  
The 3rd chapter provides a detailed description of the tools used for the research of the 
underlying thesis. The utilised hypersonic shock tunnel TH2 of the Shock Wave Laboratory 
produces the desired free stream conditions (Mach number, Reynolds number and total 
temperature) and allows the variation of the total temperature while keeping Mach number 
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and Reynolds number constant. For this experimental testing two models have been em-
ployed. The double ramp model studies the two-dimensional SWBLI as baseline configura-
tion and the scramjet intake model addresses the three-dimensional effects due to side wall 
installation or side flow. Both models feature an electric heating to investigate the elevated 
wall temperature effect because the elevated wall temperatures occurring during flight can-
not be achieved in a shock tunnel due to the short test times of a few milliseconds. The 
implied model heating technique has been enhanced to simulate wall temperatures up 1000 
K. The different simulated flow fields are observed by schlieren images, wall pressure and 
wall heat flux measurements. The wall heat flux is obtained by thermocouples and infrared 
(IR) imaging whereas the latter allows one to visualize the spatial heat load distribution 
qualitatively. In conjunction with the experimental testing the schlieren technique has been 
improved for quantitative conclusions. Additional to the experimental research numerical 
simulations have been performed with the commercial code CFX. The numerical code has 
been validated for hypersonic flow by comparison of the achieved numerical solution with 
the various theoretical concepts and reference experiments introduced in chapter two. The 
CFD permits on the one hand to address further influences on the SWBLI like the Reynolds 
number and on the other hand to extract flow quantities not obtainable with measurements. 
These flow quantities have been utilized for a better understanding of the flow physics. 
The investigation of the SWBLI phenomenon is given in chapter 4 which begins with 
the derivation and validation of an analytically based model describing the SWBLI phe-
nomenon. The research concerning the two-dimensional SWBLI includes a novel incipient 
separation correlation based on a physical model and takes into account the influences of 
several flow similarity parameters covering the Mach number, the Reynolds number, the 
wall temperature, the boundary layer state and the leading edge bluntness. The analysis of 
the three-dimensional effects employs the two-dimensional findings to interpret the influ-
ence of side flow and side wall installation by variation of the wall temperature, the total 
temperature and the leading edge radius. Chapter four closes with an analysis of the shoul-
der flow without mounted cowl. The boundary layer downstream of the shoulder interacts 
for a mounted cowl with the corresponding cowl shock so that the size of the SWBLI de-
pends strongly on the characteristics of this boundary layer. Therefore, the investigation of 
the undisturbed boundary layer gives important baseline information for future research. 
In chapter 5 the results obtained are summarized and the conclusions drawn for a scram-
jet intake design are given. The outlook provides recommendations for future research of 
SWBLIs in general and especially due to the cowl shock impingement and within the isola-
tor flow because the intake model is designed to investigate those. 
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2 Hypersonic flow and intake design 
The following chapter introduces the theoretical hypersonic flow concepts which are 
utilized for the intake design process and for validation purposes of the numerical tool 
(chapter 3.4). The developed intake design (Fig. 2-1) is based on the research trainings 
group’s start configuration with a free stream Mach number of 7.5, an altitude of 30 km and 
the corresponding free stream unit Reynolds number of 2.6·106 1/m. The general task of a 
scramjet intake is to capture the air required for the combustion and compress such air for an 
efficient cycle while producing a minimum of total pressure loss, drag and heat load. Be-
sides these general constraints also the start-up process as well as the operating behaviour 
and with it the intake unstart have to be considered.  
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Fig. 2-1: Intake model mounted in the hypersonic shock tunnel TH2
 
This research focuses on the outer compression, but the developed intake model has 
been also designed to study the isolator flow thus this flow is introduced briefly. In the 
research training group the isolator flow has been investigated by Häberle32,33 at DLR (Ger-
man Aerospace Center) Cologne and the intake with numerical simulations by Krause.52 An 
overview of the intake design process is given as road map in Fig. 2-2. For the given free 
stream conditions and further design constraints, the outer geometry is defined by the 
oblique shock and Prandtl-Meyer expansion theory. For the so derived geometry the at-
tached boundary layer and thereby the heat load and the viscous drag could be estimated. To 
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reduce the peak heat loads at the leading edges, these are designed to be blunt. However, 
this bluntness changes the shock path of the first ramp shock which has to be considered for 
the side wall design. The changed shock path provokes an entropy layer affecting the whole 
flow field downstream and consequently the drag and the heat load. Another deviation from 
the estimated drag and heat load of an attached boundary layer occurs due to SWBLIs which 
alter the pressure and heat load in general and especially cause local peak heating. The flow 
field considered so far is assumed to be planar or two-dimensional, whereas the real flow 
field already incorporates three-dimensional flow structures being Goertler vortices. The 
final design has additionally to account for flow effects due to geometry changes in the third 
dimension. These flow effects occur due to side flow, if side walls are not employed or due 
to corner flow, in case side walls are employed. The last task of the intake design process 
addresses the isolator which has to separate the outer compression from the upstream effects 
of the combustion process. 
Intake design process 
Oblique shock waves and expansion fans 
 Outer compression geometry
Boundary layer  
 Heat load and skin friction drag
Entropy layer  
 Bow shock shape  Side wall geometry
Shock wave/boundary layer interaction  
 Local peak heating
Three dimensional effects  
 Additional heat loads 
Shock trains  
 Isolator geometry
 
Fig. 2-2: Roadmap of the scramjet intake design process 
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2.1 Shock waves and expansion fans 
For this intake design several constraints have been considered including a planar design 
with two compression ramps and a flat cowl having no inclination to the free stream (Fig. 
2-3). Each compression ramp causes an oblique shock wave with a shock angle  depending 
on the upstream Mach number Ma1 and the flow deflection angle 	. The flow condition 
downstream of the shock generally has the index 2. The flow regions of the inviscid intake’s 
flow field are termed in roman numerals.  
 
Ma I 
III
shock waves
	  
 
Fig. 2-3: Inviscid outer compression flow field 
 
To determine the static pressure p, the static temperature T and the total pressure pt ra-
tios across a shock wave, the upstream Mach number normal to shock wave Ma1,n has to be 
determined first (eq. (2.1)). Equations (2.2) and (2.3) determine the static pressure and static 
temperature rise with respect to the ratio of specific heats 
. The total pressure loss is evalu-
ated with equation (2.4). These equations also cover the case of a normal shock wave ( = 
90°) which provokes subsonic flow downstream of the shock wave. For given free stream 
conditions and ramp angles these equations allow one to calculate the flow conditions in the 
regions specified with the roman numerals. These flow conditions have to be employed as 
edge condition for the boundary layers determined in chapter 2.2. 
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For the definition of the ramp lengths and ramp angles the Oswatitsch criterion75 and the 
optimum mass capture criterion74 are applied. The first criterion determines the optimum 
pressure recovery for an intake with fixed number of compression ramps whereby the opti-
mum is defined by the minimum total pressure loss. This optimum is achieved for equal 
shock strengths (Mai·sini = const.) thus both ramps produce the same total pressure loss as 
well as the same static pressure and static temperature ratio. The second criterion states that 
maximum mass flow for a given intake height h is achieved if both ramp shocks coincide at 
the cowl’s leading edge. The impingement of the ramp shocks on the cowl’s leading edge 
provokes severe heating,2,54 but is not further addressed in this study. For the chosen height 
and given free stream and combustion chamber entrance condition, the intake’s outer ge-
ometry (Fig. 2-4) is determined and given in chapter 2.7. A comprehensive study of the flow 
field at off-design conditions is given by Bachchan and Hiller.5  
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Fig. 2-4: Geometry of outer compression ramps 
 
Downstream of the cowl’s leading edge the flow field can be divided into an upper (up) 
and a lower (lo) flow field (Fig. 2-5). The upper flow field is downstream of the cowl shock 
wave and the lower one downstream of the intake shoulder expansion fan. This expansion 
and with it the static pressure and static temperature decrease is described by a Prandtl 
Meyer expansion which is characterized by the upstream Mach number and the turning 
angle.74 This expansion is an isentropic process so that the total pressure remains unchanged 
and the downstream properties can be derived with the determined upstream Mach number 
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and the isentropic relations. The interaction between the expansion and the cowl shock leads 
to a curvature of the cowl shock which cannot be estimated by the simple means of inviscid 
shock and expansion theory. The interaction becomes even more complicated if the bound-
ary layer is taken into account and with it the SWBLI (chapter 2.4). The following internal 
channel or isolator flow is described in chapter 2.6. 
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Fig. 2-5: Isolator geometry 
 
The discussion above treats only the inviscid flow so that in the following the relating 
results are referred to as the inviscid solution, the inviscid pressure ratio and so on. More-
over, the equations shown above are derived for planar flow which means that the three-
dimensional effects like e.g. side flow are neglected. Side flow is caused due to the pressure 
difference of streamlines with different lateral positions (z-direction in Fig. 2-4) which is 
explained more detailed for these two streamlines having the same y-coordinate. The first 
streamline is located in the midspan plane of the intake thus the first streamline passes the 
first ramp shock. The second streamline is located in a plane which is as far displaced in the 
lateral direction so that the plane is beyond the intake and the second streamline is not pass-
ing the first ramp shock. Hence, gas passing along the first streamline features a different 
pressure than gas passing along the second streamline downstream of the first ramp shock. 
This pressure difference accelerates the flow to the sides so that not all flow compressed by 
the compression ramps enters the combustion chamber. This non-captured flow is called 
spillage flow. This spillage flow can be prevented due to the installation of side walls (chap-
ter 2.3). However, such side wall installation causes additional shock losses (eq. (2.4)), 
complex flow fields due to the corner flow (chapter 2.5.3) and additional boundary layers 
(chapter 2.2) so that the side wall installation increases the heat load and the drag of the 
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intake. Due to the advantages and disadvantages of the side wall installation a trade-off 
study is required for each intake design. This study therefore investigates both effects per-
mitting the comparison of the different resulting flow fields (chapter 4.5.3). 
2.2 Boundary layer 
Due to the consideration of continuous flows only, the flow stagnates completely at the 
surfaces of the vehicle. To satisfy this non-slip condition at the wall, the flow is decelerated 
from the high free stream velocity of more than 2000 m/s to zero velocity at wall by viscous 
effects. According to Prandtl’s boundary layer theory80 these effects are for high Reynolds 
numbers restricted to a small layer in the vicinity of the vehicle’s surface – the boundary 
layer. With respect to the flow around a flat plate a boundary layer develops from the plate’s 
leading edge in a structured laminar form. However, after a certain running length, the lami-
nar structure gets distorted and chaotic thus the boundary layer is simply termed turbulent. 
In this subchapter the laminar and the turbulent boundary layer state are described, the tran-
sition process between the two states is introduced afterwards. The developing boundary 
layer downstream of the leading edge displaces the flow outside the boundary layer and 
thereby provokes a shock wave. This shock wave interacts with the developing boundary 
layer which is described by the viscous interaction theory. In the following subchapters this 
introduction of the boundary layer theory is extended to derive several expressions and a 
better understanding of the compressible boundary layer which are used for the derivation of 
the analytical SWBLI model and for the analysis of the obtained experimental and numeri-
cal results in chapter 4. 
2.2.1 Laminar boundary layer 
The solution of the compressible laminar boundary layer of a flat plate flow by Van Dri-
est103 evaluates the velocity and temperature boundary layer profiles and with it the corre-
sponding wall gradients. These gradients are required for the wall shear stress and wall heat 
flux determination. The definition of the skin friction coefficient and the Stanton number are 
given in equations (2.5) and (2.6), respectively. The variation of the skin friction coefficient 
with Mach number and wall temperature ratio is presented in Fig. 2-6. 
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Fig. 2-6: Skin friction factor for laminar compressible boundary layers,103 T?? =  200 K 
 
In the current work the wall shear stress and wall heat flux are obtained with a Matlab 
code which determines the solution of the laminar compressible boundary layer equations. 
Therefore the code requires as input parameters the Mach number, the static temperature and 
the static pressure at the boundary layer edge as well as the wall temperature and estimates 
of the velocity and temperature gradient at the wall. The implemented method called shoot-
ing technique given by Anderson2 evaluates the velocity and temperature boundary layer 
profiles using the estimates of the wall gradients as starting condition for the involved inte-
gration. The profiles obtained are determined with respect to a y*-coordinate normal to the 
wall. The y*-coordinate has to be scaled with the Reynolds number (Rex = ·u·x/) and the 
running length x, to compute the boundary layer profiles as function of the wall distance y 
(eq. (2.7)). This scaling incorporates the Reynolds number into the boundary layer solution, 
but the boundary layer profiles with respect to the y*-coordinate are independent of the 
Reynolds number. 
 xx
yy Re*   (2.7) 
As described, the obtained boundary layer profiles with respect to the y*-coordinate are 
independent of the Reynolds number like e.g. the Mach number profile shown in Fig. 2-7. 
Consequently, the boundary layer edge pressure as code input parameter is only required to 
determine the Reynolds number and with it the boundary layer profiles with respect to the y-
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coordinate. This finding of the Reynolds number independency permits e.g. to evaluate the 
sonic height h with respect to the y*-coordinate independent of the Reynolds number (Fig. 
2-7) and is further employed to introduce a sonic height factor Ch. That factor describes the 
sonic height with respect to the y*-coordinate only as function of the edge Mach number, the 
edge temperature and the wall temperature. To determine the sonic height with respect to the 
wall distance y, the sonic height factor is scaled with the Reynolds number Rex and the 
running length x (eq. (2.8)). Using the unit Reynolds number Ree (=eue/e) being independ-
ent of the running length x instead of the Reynolds number based on running length, equa-
tion (2.8) shows that the sonic height of a laminar boundary layer increases with the root of 
the running length x. In a similar fashion a skin friction factor Ccf is derived which is given 
in equation (2.9) and is identical to the value read from Fig. 2-6. 
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Fig. 2-7: Mach number profiles of laminar boundary layers, TW = 300 K 
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Finally, the adiabatic wall temperature is introduced which determines the wall tempera-
ture for zero wall heat flux. The adiabatic wall temperature is evaluated in respect of the 
boundary layer edge temperature Te, the total temperature Tt and the recovery factor r (r = 
0.845) being the root of the Prandtl number Pr (eq. (2.10)). This definition neglects the 
effect of heat radiation which is taken into account for the radiation-adiabatic temperature 
given by Hirschel.39 Due to the fact that this temperature depends on the emissivity of the 
surface and with it on the material, it is not used in this aerodynamic study, but should be 
employed in the design process of a vehicle flying at hypersonic speeds. 
  eteaw TTrTT 	  (2.10) 
2.2.2 Turbulent boundary layer 
To predict the skin friction and the heat load of a turbulent boundary layer, the reference 
temperature method by Eckardt22 and a correlation by Simeonides93 are utilized, respec-
tively. Eckardt’s method uses a reference temperature to transfer the Blasius solution for the 
incompressible boundary layer to the compressible boundary layer. This reference tempera-
ture (eq. (2.11)) is determined with regard to the wall temperature TW, the adiabatic wall 
temperature Taw and the boundary layer edge temperature Te so that the transferred Blasius 
profile matches the compressible profile. Such matching is achieved because the reference 
temperature is representative for the temperature level in the boundary layer and with it for 
the viscosity level being a function of temperature. 
 awWe TTTT 		 22.05.028.0
*  (2.11) 
The reference temperature permits the determination of an appropriate Reynolds number 
(eq. (2.12)) which is used to compute the skin friction coefficient with the Blasius relation 
(eq. (2.13)). This approach is also valid for the laminar boundary layer (eq. (2.14)) and 
Anderson2 shows good agreement with the Van Driest solution for laminar compressible 
boundary layers (chapter 2.2.1). 
 
*
*
*Re

 xu
x

  (2.12) 
   2.0*, Re
0592.0
x
turbfc   (2.13) 
16 2.2 Boundary layer 
    
*
5.05.0*
,
Re
664.0
Re
664.0 Cc
xx
lamf   (2.14) 
According to the Reynolds analogy (eq. (2.15)) a relation exists between the skin fric-
tion coefficient and the Stanton number which is in this case defined with respect to the 
adiabatic wall temperature (eq. (2.16)). The Reynolds analogy factor sRA is a function of the 
local flow conditions being discussed for the laminar and turbulent boundary layer in refer-
ences 2 and 104, respectively. For this study only the general relationship is recalled. 
 
RA
f
awH s
c
c
2,
  (2.15) 
  WawpawH TTcu
qc




,  (2.16) 
Simeonides93 developed a general prediction method for the heat flux due to compressi-
ble boundary layers. The derived correlation is given in equation (2.17) and allows one to 
predict the heat flux along a flat plate due to a turbulent boundary layer (Aturb = 0.0296, sturb 
= 1, nturb = 0.2) as well as due to a laminar boundary layer (Alam = 0.332, slam = Pr2/3, nlam = 
0.5). Since the correlation also employs the reference temperature method, the Chapman-
Rubesin constant is computed with the reference temperature (eq. (2.18)). 
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2.2.3 Boundary layer transition and relaminarization 
The boundary layer transition describes the change from a laminar to turbulent boundary 
layer state accompanied by a drastic viscous drag and heat load increase. The relaminariza-
tion explains the phenomena of the reversal process. Due to a severe effect on the viscous 
drag and the heat load a prediction of the transition zone is of great interest and would allow 
one to estimate the viscous drag and heat load, but the criterion of one fixed transition Rey-
nolds number is not sufficient for a complex process like transition as shown in Fig. 2-8.  
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Fig. 2-8: Transition correlations based on various wind tunnel and flight data for cones96 
 
Anderson2 quotes 19 variables, among others the Mach number, the unit Reynolds num-
ber, the wall temperature, the leading edge radius and the pressure gradient in streamwise 
direction which have an influence on the transition location thus a more detailed description 
of transition is necessary. The schematic transition process starting with a laminar boundary 
layer from the leading edge, transition onset at position B, completion of transition at posi-
tion E and the turbulent boundary layer downstream of position E is shown in Fig. 2-9. This 
also indicates that the transition process is not a discrete event and has to be described by a 
transition onset point and a transition length. 
 
 
 
Fig. 2-9: Sketch of the transition process2 
18 2.2 Boundary layer 
As Fig. 2-8 indicates, boundary layer transition belongs to the current research topics in 
aerodynamics thus several transition mechanisms and models describing the transition proc-
ess have been developed, but currently none of these mechanisms or models captures the 
full phenomenon. One of these mechanisms is the natural transition. This states that small 
disturbances in the laminar boundary layer having a waveform character (Tollmien-
Schlichting waves) grow linear until they become large enough to cause non-linear effects. 
These effects lead to breakdown of the laminar boundary layer structure and with it to a 
turbulent boundary layer. The Tollmien-Schlichting (TS) waves are distinguished in grow-
ing waves with increasing amplitudes – termed unstable waves – causing transition and in 
decaying waves – termed stable waves – not affecting the transition process. The natural 
process is shown in Fig. 2-10 as path A in which the linear growth of the TS waves is 
termed as primary mode and the following non-linear growth as secondary mode leads to 
brake down and with it to turbulence. Besides the natural transition the transient growth and 
the bypass transition are displayed which also can interact with each other. The transient 
growth describes the interaction of two stable waves which in combination lead to transition. 
The bypass transition is caused by strong disturbances which bypass the growth process and 
lead directly to transition. The initial environmental disturbances represent the starting point 
of the different paths to transition in Fig. 2-10 and generate the disturbances in the boundary 
layer – a process called receptivity. According to the current state of knowledge the ampli-
tude of the initial environmental disturbance determines which path to transition emerges. 
The current tools to predict and/or describe the various transition mechanisms are the 
linear stability theory, parabolized stability equations, the direct numerical simulation and 
empirical correlations or transition models based on one or more of these tools. The tool 
employed in this work is the transition model by Menter and Langtry55,62 being implemented 
in the CFD code used, CFX. A brief description of this model is given in chapter 3.4.3 
which indicates the various influences taken into account by this transition model. More 
comprehensive overviews of the various mechanisms to transition and the current tools for 
transition prediction are given in references 1 and 81.  
The reversal of boundary layer transition is called relaminarization and can occur e.g. 
due to a strong expansion of the flow (Fig. 2-11). If a turbulent boundary layer approaches 
the intake shoulder, the Prandtl-Meyer expansion could lead to relaminarization so that the 
boundary layer downstream of the shoulder might be laminar, transitional or turbulent. Due 
to the strong influence of the boundary layer state on the length of a SWBLI (chapter 2.4), 
this phenomenon affects the interaction of the cowl shock impinging on this boundary layer 
so that the relaminarization has a strong influence on the intake performance. Arnette4 and 
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Smits95 describe the relaminarization process more detailed. They emphasize that due to a 
strong negative pressure gradient the pressure forces become dominant compared to the 
nearly frozen Reynold stresses. Hence, the turbulent fluctuations do not contribute to the 
momentum or energy transport. 
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Fig. 2-10: Various path to transition81 
 
 
Fig. 2-11: Relaminarization process102  
2.2.4 Viscous interaction theory 
Boundary layers in hypersonic flows are very thick so that their displacement effect in-
teracts with the inviscid outer flow. In the vicinity of the leading edge this effect becomes 
20 2.3 Entropy layer 
more pronounced due to the rapid increase of the boundary layer thickness and becomes less 
severe when the rapid boundary layer growth decays further downstream. This displacement 
causes a deflection of the outer flow being facilitated by a shock wave so that an overpres-
sure compared to the inviscid value downstream of the leading edge is generated. Based on 
the viscous interaction parameter given in equation (2.19), the viscous interaction theory 
(VIT) distinguishes between the strong and weak viscous interaction. The corresponding 
wall pressure distributions along a flat plate are given in equations (2.20) and (2.21), respec-
tively.34 The comparison of the pressure distribution of the viscous interaction theory and 
the numerical simulation is very good as shown for hypersonic flat plate flow in Fig. 2-14. 
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2.3 Entropy layer  
The entropy layer is caused by leading edge bluntness which is required to reduce the 
high heat load at the leading edge as this load is directly proportional to the inverse square 
root of the leading edge radius R (eq. (2.22)). For re-entry vehicles the leading edge radius is 
chosen to be very large thus representing the typical compact capsule design which reduces 
the heat load and increases the drag. In contrast, for scramjet propelled vehicles which 
should accelerate, the increased drag is not desired and should be kept to a minimum so that 
a trade-off between maximum allowable peak heat load at the leading edge and drag in-
crease has to be made.  
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To introduce the theories, models and correlations which describe the leading edge 
bluntness influence, the case of a flat plate with blunt leading edge in a supersonic flow is 
utilized. The flow field given by the Mach number distribution in Fig. 2-12 indicates the 
detached shock which bends in downstream direction. Correlations for the shock stand-off 
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S have been presented by Billig7 (eq. (2.23)) taking into account several studies and by 
Hornung44 (eq. (2.24)) for the hypersonic regime. Both correlations agree very well with the 
numerical simulation (Fig. 2-13). Additional to the shock stand-off a correlation for the 
shock shape is given in Billig’s overview.7 This correlation has been employed for the side 
wall design. For this design it has been required that the first ramp shock is fully captured by 
the side wall to prevent spillage flow (Fig. 2-26 right). 
 
 
Fig. 2-12: Flow field of a flat plate with blunt leading edge, Ma = 6, Re = 7.2·106 1/m, R = 0.5 mm 
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Fig. 2-13: Shock stand-off distance as function of Mach number and leading edge radius 
 
To determine the pressure distribution for an inviscid flow along a flat plate with blunt 
leading edge, the blast wave theory58 (BWT) could be employed. The theory which is based 
on the hypersonic equivalence principle is only valid for small deflection angles and for the 
statement concerning the hypersonic similarity parameter K given in equation (2.25). The 
restriction to small deflection angles excludes the blunt leading edge region itself and the 
hypersonic similarity constraint excludes the region where the flow deflection induced by 
the blunt leading edge has decayed. Under these considerations there is a good agreement of 
the pressure distribution (eq. (2.26)) proposed by the blast wave theory and the numerical 
simulation (Fig. 2-14) using the drag coefficient of the cylinder (CD = 4/3, reference 2). 
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Due to the curved bow shock the streamlines of different heights y (Fig. 2-12) pass dif-
ferent shock strengths so that downstream of the bow shock these streamlines feature differ-
2 Hypersonic flow and intake design 23 
ent entropies and with it form the entropy layer. For a ramp with a blunt leading edge the 
classification of the flow field in a boundary layer, entropy layer and shock layer proposed 
by Cheng12 is illustrated in Fig. 2-15. 
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Fig. 2-14: Pressure distributions of flat plate flow (Fig. 2-12) with different leading edge radii,Ma = 6, 
Re = 7.2·106 1/m 
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Fig. 2-15: Classification of the flow field downstream of the detached and curved bow shock 
24 2.3 Entropy layer 
The entropy layer swallowing describes the phenomenon that the boundary layer swal-
lows the entropy layer after a certain running length (Fig. 2-16) because the boundary layer 
thickness increases with running length whereas the entropy layer’s height above the wall 
(Y0 –YW) remains nearly constant. Hirschel39 distinguishes the flow field in a part upstream 
and a part downstream of entropy layer swallowing. In the upstream part the boundary layer 
edge conditions are given by the entropy layer and the edge conditions in the downstream 
part by the inviscid flow field of the sharp leading edge case. Since the streamlines forming 
the entropy layer have passed a stronger shock than the streamlines passing the shock of the 
sharp leading edge case, the entropy layer’s streamlines feature a higher static temperature 
and a reduced velocity. Consequently, as a result of the entropy layer swallowing, the en-
tropy layer effects decay and with it the temperature decreases and the velocity increases in 
downstream direction. 
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Fig. 2-16: Sketch of entropy layer swallowing 
 
The flow field becomes even more complicated, if the combination of the bluntness ef-
fects described by the blast wave theory and the displacement effects described by the vis-
cous interaction theory is considered. This issue has been addressed by a study of Cheng et 
al.12 identifying the combined viscous/bluntness interaction parameter 	C (eq. (2.27)) which 
utilizes a term for the bluntness effects (eq. (2.28)) and one for the displacement effects (eq. 
(2.29)). For a combined viscous/bluntness interaction parameter less than one the flow is 
bluntness dominated whereas for an interaction parameter larger than one the flow field is 
displacement dominated. 
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Finally, to round off this subchapter, a correlation for the stagnation point heat transfer 
at the leading edge is given which initiated the blunt leading edge issue. With respect to this 
correlation the supersonic flow around a transverse cylinder, which has been developed by 
Tauber and Menesses,2 is considered. This correlation is given in equation (2.30) with the 
term KTM described in equation (2.31). The comparison with the numerical simulation indi-
cates good agreement and is shown in reference 79. 
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2.4 Shock wave/boundary layer interaction 
The first SWBLI of the scramjet intake flow field occurs due to the interaction of the 
boundary layer developing on the first ramp and the second ramp shock emanating from the 
kink of the two compression ramps. A sketch of the SWBLI at a compression corner is 
given in Fig. 2-17. The second SWBLI is caused by the impingement of the cowl shock on 
the boundary layer of the horizontal isolator plate (Fig. 2-5). Finally, a shock train develops 
as a “simple”, third SWBLI. Consequently, SWBLI are of mayor interest for scramjet intake 
design as they affect the aerodynamic load and cause local peak heating which could lead to 
severe damage (Fig. 1-2). Additional to the flow fields of intakes the flow fields of control 
surfaces like flaps are governed by SWBLIs so that the understanding of these SWBLIs is 
required for all supersonic and hypersonic vehicles. 
The oblique shock wave caused by the ramp deflection (Fig. 2-3) generates a pressure 
rise which acts upstream through the subsonic part of the boundary layer. If the pressure rise 
exceeds a certain limit, the boundary layer separates (separated shear layer) and increases 
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the deflection of the outer inviscid flow and with it the generation of a separation shock. The 
separation shock increases the first ramp pressure pI to the so-called plateau pressure pII 
located between the separation and the reattachment shock (Fig. 2-18). The latter forms due 
to the flow deflection at reattachment and a separation bubble forms in the vicinity of the 
corner’s kink. To display the boundary layer’s running length properly all pressure and 
Stanton number distributions throughout this thesis are given with respect to the coordinate s 
along the surface and the origin is located at the kink of the compression corner. 
 
 
MaI 
I 
III
separation shock 
II 
separated shear layer 
separation bubble 
reattachment shock  
second ramp shock
Sep. 
Rea. 
 
Fig. 2-17: Sketch of the SWBLI at a compression corner 
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Fig. 2-18: Schematic pressure distribution of a SWBLI 
 
The SWBLI phenomenon has been investigated for more than 60 years so that several 
overviews and summaries regarding the SWBLI have already been provided e.g. by De-
grez,17 Delery,18,19 Dolling,21 Settles88 and Simeonides.92 In the following two subchapters 
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the current understanding of the SWBLI phenomenon concerning scramjet intake flow is 
recapitulated. The first subchapter deals with the qualitative effects of the various influences 
e.g. wall temperature or leading edge radius whereas the second subchapter addresses quan-
titative correlations which describe e.g. the wall pressure distribution. 
2.4.1 Qualitative behaviour 
In the introduction of SWBLI the so-called compression corner case is shown (Fig. 
2-17) representing one of four SWBLI cases. The other three SWBLI cases are the SWBLI 
due to the impingement of shock wave on a boundary layer as mentioned before for the cowl 
shock, the SWBLI due to a forward and the SWBLI due to a backward facing step. Delery18 
states close similitude between all four different SWBLI cases with only small differences in 
details thus the following description refers to all four cases. This similarity is important as 
the lessons learned with regard to the compression ramp case are applicable for the SWBLI 
due to the cowl shock. The case of a backward facing step occurs in scramjet engines be-
cause backward facing steps are utilized as upstream limit of shock trains or as flame holder 
in the combustion chamber. Moreover, the cases of a forward or backward facing step could 
also arise unintentionally due to mismatching of parts caused e.g. by thermal expansion. 
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Fig. 2-19: Laminar SWBLI of a flat plate/ramp configuration, Exp. by Holden42 
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As the phenomenon is termed shock wave/boundary layer interaction all influences, 
which have an effect on either the shock wave or the boundary layer, will have an effect on 
the SWBLI phenomenon. As starting point of this introduction an experiment by Holden42 
and the corresponding CFD solution calculated in cause of this study are employed. Holden 
investigated a laminar SWBLI of a flat plate/ramp configuration (flat plate length LH = 
0.4394 m, ramp angle 15°) at a free stream Mach number of 11.67 (ReL = 0.24·106, TW/TI = 
4.4) (Fig. 2-19). In the following text this test case will be referred to as case H. Due to the 
fact that this case and the case of Lewis, case L, is referenced several times, the page of the 
respective case introduction is given in the nomenclature. The good agreement of the ex-
perimental and numerical results allows one to describe the pressure and heat load distribu-
tion due to a laminar SWBLI with a numerical solution. The pressure distribution shows the 
overpressure caused by the displacement effect of the developing hypersonic boundary layer 
downstream of the leading edge (chapter 2.2.4). The separation point or SWBLI’s upstream 
extent is indicated by the pressure rise until the plateau pressure value is reached. Further 
downstream the reattachment shock increases the pressure to the inviscid ramp pressure. 
The Stanton number distribution agrees with the laminar boundary layer solution, the devia-
tion in the vicinity of the leading edge is caused by the boundary layer displacement effects 
as discussed for the pressure distribution. Hence, in the vicinity of the leading edge the 
numerical solution represents the correct solution. At separation the heat flux decreases 
whereas it increases during the reattachment process. Downstream of reattachment the heat 
flux decreases again. The skin friction distribution is similar to the Stanton number but 
permits the determination of the exact separation and reattachment positions which are 
defined by the zero shear stress criterion. The distance between these two positions defines 
the extent of the interaction or separation length (Fig. 2-17). 
This SWBLI size is greatly affected by the state of the boundary layer. If a turbulent 
boundary layer enters a SWBLI, the SWBLI is called turbulent and its size is decreased 
drastically compared to the laminar SWBLI. The effect of transition taking place in the 
SWBLI has been already investigated by Chapman et al.11 in 1957 showing that the size of 
the SWBLI decreases from a laminar to a turbulent interaction. The transitional interaction 
features a separation length between the laminar and turbulent one thus facilitate the conver-
sion between the two restricting cases. 
The effect of the boundary layer state on the SWBLI’s Stanton number distribution is 
very characteristic as the heat flux at separation decreases for the laminar interaction (Fig. 
2-19) and increases for the turbulent interaction. Benay et al.6 investigated a SWBLI under 
the influence of increased free stream Reynolds number and thereby moved the transition 
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location upstream. The characteristic laminar heat flux decrease at separation, which has 
been observed for the lowest free stream Reynolds number, changes to a heat flux increase 
at separation, if the free stream Reynolds number is increased.  
Besides the boundary layer state further influences exist on the SWBLI. Most effects on 
the SWBLI’s size are well known so that these are only briefly summarized: A Mach num-
ber decrease and a Reynolds number increase enlarge the separation size as proved e.g. 
experimentally by Holden40 for a hypersonic laminar SWBLI. If the ramp angle of a SWBLI 
provoked by a compression corner is increased, the shock strength increases and with it the 
SWBLI size. During former research of SWBLIs at the Shock Wave Laboratory Bleilebens9 
observed that increasing the wall temperature or decreasing the total temperature increases 
the separation size while the total or wall temperature, respectively, have been held constant. 
These effects on SWBLI are summarized in Tab. 2.1 whereas the effect of the leading edge 
radius is introduced more detailed in the following. 
The most comprehensive study of the leading edge radius effect on SWBLIs has been 
undertaken by Holden.40 The influence of increasing leading edge radius is that the separa-
tion length is first increased and then decreased whereas the point of reversal depends on  
the free stream conditions as well as the leading edge radius itself. For small bluntness the 
developing boundary layer governs the flow field downstream of the leading edge being the 
displacement dominated regime (chapter 2.2.4). For large bluntness the flow field is con-
trolled by the curved bow shock generated by the blunt leading edge being the bluntness 
dominated regime (chapter 2.3). Already in 1971 Holden identified that the trend reverses 
for the combined bluntness viscous interaction parameter 	 between 0.5 and 0.7 (eq. (2.27)). 
This finding is recalled, as recent studies which investigate only one regime, do not capture 
the reversal trend thus lead to the wrong conclusion of a simple relation.19,20 
 
Tab. 2.1: Qualitative effects of various influences on the separation length 
Separation length increases with 
Increasing Decreasing 
Reynolds number (laminar SWBLI) Total temperature 
Wall temperature Mach number 
Leading edge radius (R < Rreversal) Leading edge radius (R > Rreversal) 
Ramp angle (shock strength)  
 
30 2.4 Shock wave/boundary layer interaction 
2.4.2 Quantitative behaviour 
This subchapter provides an overview of the current analytical and empirical estimation 
methods concerning SWBLIs. These methods include the free interaction theory for the 
pressure distribution approximation as well as correlations for the peak heating at reattach-
ment, incipient separation and separation length. 
The free interaction concept has been developed by Chapman11 and is valid for SWBLIs 
which feature an upstream effect being independent of the conditions downstream of the 
interaction. Therefore, these interactions are called “free interactions”. Based on this the free 
interaction theory18 describes the pressure distribution from the undisturbed pressure up-
stream of the SWBLI pI to the plateau pressure pII in the so-called upstream interaction (UI) 
region (Fig. 4-2). Hence, it permits the estimation of the plateau pressure. The concept is 
introduced briefly for understanding purposes and a complete description is given by Del-
ery.18 The concept assumes a two-dimensional flow and an adiabatic wall condition. For the 
derivation two considerations are employed. The first consideration is a momentum balance 
of the fluid at the wall which states that the upstream acting pressure gradient is equal to the 
derivative of the shear stress with respect to coordinate normal to the wall (eq. (2.32)).  
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The integration of equation (2.32) in streamwise direction, beginning at separation x0, 
and the introduction of normalized variables leads to equation (2.33). This equation employs 
the dynamic pressure qI, the static pressure pI and the Mach number MaI upstream of the 
interaction as well as the displacement thickness 0* at separation. The function f1 is a di-
mensionless function of x and is discussed later. 
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The second consideration is the coupling between the boundary layer and the inviscid 
outer flow. The upstream acting pressure gradient thickens the boundary layer which leads 
to a deflection of the inviscid outer flow thus causing an increased pressure rise acting up-
stream. The pressure rise due to this deflection is described by the linearised simple wave 
equation so that the coupling equation18 is expressed with equation (2.34).  
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If the streamwise gradient of the displacement thickness d*/dx is expressed by the dis-
placement thickness at separation 0*, the upstream interaction length LUI and a second 
dimensionless function f2 of the streamwise coordinate (x-x0), equation (2.34) is transformed 
into equation (2.35). 
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The product of equation (2.33) and equation (2.35) with following root extraction de-
fines the pressure distribution p(x-x0) from the upstream pressure pI to the plateau pressure 
pII (eq. (2.36)). This equation employs only the upstream Mach number MaI, the skin fric-
tion coefficient at separation cf,0 (= W,0/qI) and the universal correlation function F 
(=(f1f2)0.5). The universal correlation function F has been determined empirically for laminar 
and turbulent flows and it turned out that these functions are independent of Mach and Rey-
nolds number. These functions determine the pressure distribution for the pressure rise from 
the upstream pressure pI to the plateau pressure pII which takes place over a short distance 
LUI for hypersonic flows (Fig. 4-2). However, for purposes of this study, only two character-
istic pressures of this theory are introduced. The separation point pressure is defined as the 
inflection point of the pressure distribution being often used as definition for separation with 
the values of Fsep equalling 0.81 for the laminar and 4.22 for the turbulent case.18 The func-
tion’s values for the plateau pressure FII are 1.47 and 6.00 for the laminar and turbulent case, 
respectively. Concluding, for a known separation size the free interaction theory allows a 
good approximation of the pressure distribution within the SWBLI using the constant pla-
teau pressure pII (Fig. 2-18). 
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Peak heating occurs downstream of reattachment reaching similar levels as in the lead-
ing edge region and can lead to severe damage as shown in Fig. 1-2. The heat load increase 
is a result of the shear layer squeezing at reattachment (Fig. 2-17) and is accompanied by an 
increased local wall pressure at reattachment which is higher than the inviscid ramp pressure 
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pIII. The relationship existing between the increased wall pressure or maximum pressure pmax 
and the maximum heat load qmax is utilized to determine the maximum heat load. The re-
spective correlations are given for laminar and turbulent SWBLIs in equation (2.37) with the 
constant n = 0.7 – 1.3 for the laminar case and in equation (2.38) with the constant n = 0.7 – 
0.85 for the turbulent case.42,93 Replacing the maximum pressure pmax by the inviscid ramp 
pressure pIII in equations (2.37) and (2.38) allows a fast approximation of the maximum 
reattachment heat flux in the beginning of the scramjet intake design process, but it has to be 
considered that these heat load estimates are related to large uncertainties as the variation of 
parameter n indicates.  
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To determine the heat flux distribution downstream of reattachment, Simeonides92 ap-
plied equation (2.17) which evaluates the heat flux due to an attached boundary layer devel-
oping from the reattachment point. This approach showed good agreement with the heat flux 
measurements for laminar and turbulent interactions so that the heat load upstream and 
downstream of the interaction could be estimated. However, to apply equation (2.17), the 
reattachment point as origin of this “new” boundary layer is required. In Simeonides’ case 
such reattachment point has been obtained from the experiment. For a “non-experimental” 
determination of this reattachment point a separation length correlation is required. 
Before the current correlations of the separation length are given, the case of incipient 
separation is addressed. If the flow field of a flat plate/ramp configuration is considered 
(sketched in Fig. 2-19) and the ramp angle is increased starting from zero degree, the flow 
remains attached for small ramp angles. For a further increase of the ramp angle an infinite 
small separation bubble appears. The respective ramp angle is called incipient separation 
angle. This ramp angle and the upstream Mach number are used to determine the incipient 
separation pressure with the oblique shock theory (eq. (2.2)). For the laminar flow several 
correlations for incipient separation exist which are either based on the free interaction 
theory, have been developed by correlation of experimental data or are based on a combina-
tion of both. Beginning with the correlations based on the free interaction theory, different 
researchers correlated their obtained incipient separation pressures with equation (2.36) and 
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determined a constant Finc similar to the constants for the separation point Fsep and the pla-
teau pressure FII. The incipient separation constant varied for the different experiments of 
the various researchers from 1.57 by Rizetta,83 1.7 by Edelmann,23 1.85 by Katzer47 and 2 by 
Gerber.28 Needham69 and Holden40 correlated their experimental data in equations (2.39) 
and eq. (2.40) whereby it should be noticed that Needham used the viscous interaction pa-
rameter (eq. (2.19)) and Holden the term for the displacement effect    (eq. (2.29)). The 
different correlations are plotted in Fig. 2-20 and show a wide variation of the incipient 
separation angle being for Mach numbers of 7 and an adiabatic wall more than 10°. This 
discrepancy is a result of the different free stream conditions employed by the different 
researchers and is discussed in more detail in subchapter 4.3. In this subchapter also the wall 
temperature influence is addressed since Delery18 predicts that the incipient separation angle 
decreases with the wall temperature increase whereas the correlations by Holden and 
Stollery predict the opposite trend. The latter prediction is shown e.g. by Holden’s correla-
tion in Fig. 2-20 for the cold wall with a temperature of 300 K and the hot adiabatic wall 
temperature. It is stressed that Holden’s correlation has been developed for cold isothermal 
wall conditions being further discussed in chapter 4.3 and chapter 4.5.4. 
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Fig. 2-20: Incipient separation angle for a free stream temperature of 221 K and different Mach num-
bers: isothermal wall temperature of 300 K and adiabatic wall temperatures 
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In contrast to laminar boundary layers turbulent boundary layers are more resistant to 
separation thus sustain nearly five times the pressure rise of a laminar boundary layer.14 In 
the literature two correlations by Holden41 and Korkegi51 exist which are given in equations 
(2.41) and (2.42), respectively. Korkegi points out that his equation does not account for 
Reynolds number and wall temperature effects. 
 fI
HturbI
inc cMa
p
p
	




 3
,
1  (2.41) 
 
()
(
*
+

	






5.4,17.0
5.4,3.01
5.2
2
, II
II
KturbI
inc
MaMa
MaMa
p
p  (2.42) 
The challenge to find a correlation for the size of the SWBLI can be well understood by 
a statement of Simeonides:94 
“Finally, what is currently not possible with simple semi-empirical and/or analytical 
methods is the accurate prediction of the extent of the separated region and the location of 
the separation point, since a universal correlation law has yet to be developed. This, in turn, 
makes the incorporation of CFD methods in the design process necessary, particularly 
insofar as the prediction of control effectiveness, which strongly depends on the geometric 
characteristics of the interaction (as opposed to peak heating), is concerned.” 
Due to this importance of the separation length for the design of hypersonic vehicles 
various attempts have been undertaken to develop such a universal correlation law, but none 
has been successful so far. Consequently, only the correlation by Bleilebens and Olivier10 is 
introduced in this thesis as it captures the general effects described in chapter 2.4.1 and has 
been adopted for a compression corner at similar free stream conditions. Moreover, Bleile-
bens and Olivier showed that the correlations by Davis16 and Needham70 do not apply for 
their case thus can not serve as universal correlation law for the separation length. In a re-
cent study Edelmann et al.23 observed that Bleileben’s correlation does not fit to their results 
numerically obtained. This underlines the great and actual interest in separation length pre-
diction and demonstrates that this problem as well as the incipient separation problem re-
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main unsolved thus being the main topics of this research. The correlation of Olivier and 
Bleilebens (eq. (2.43)) is an extension of the separation length correlation by Katzer47 so that 
the incipient separation pressure pinc,K is determined with equation (2.36) and the incipient 
separation constant Finc,K of Katzer. 
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2.5 Three-dimensional flow phenomena  
2.5.1 Goertler vortices  
In a scramjet intake Goertler vortices appear downstream of the SWBLI and affect the 
heat flux distribution and the transition process. In general these vortices appear in shear 
layer flows along concave walls, if the shear layer is thick compared to the curvature radius 
of the concave wall. The provoked centrifugal forces create a pressure gradient within the 
boundary layer. This pressure gradient leads to the so-called Goertler instability. For 
SWBLIs the Goertler instability occurs in the reattachment region since the shear layer 
upstream of reattachment is in a direction towards the wall and is bend by the reattachment 
shock in the direction of the wall (Fig. 2-17). Through this the shear layer is exposed to the 
concave curvature given by the form of the separation bubble. The Goertler instability fea-
tures longitudinal vortices within the shear layer downstream of reattachment85 (Fig. 2-21). 
These vortices lead to a variation of the heat flux in lateral direction, even if the rest of the 
flow field could be treated as two-dimensional. Finally, the vortices affect the transition 
downstream of reattachment as described in chapter 2.2.3.  
Kreins53 investigated a SWBLI due to an impinging shock wave on a hypersonic flat 
plate boundary layer. Based on the employed heat flux and Pitot pressure measurements he 
developed a sketch of the SWBLI including the flow field downstream of the Goertler vor-
tices (Fig. 2-22). According to his findings the Goertler vortices break down after a certain 
distance and a new, vortex-free sublayer develops which has a distorted edge flow of the 
decayed vortices. 
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Fig. 2-21: Sketch of Goertler vortices85 
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Fig. 2-22: Sketch of a SWBLI with downstream flow field,53 IS: impinging shock, SS: separation shock,  
E: expansion, RS: reattachment shock 
 
The heat flux variation in lateral direction is the footprint of the Goertler vortices which 
transport high energetic flow towards the wall with corresponding high heat fluxes at one 
lateral position. At another lateral position they transport fluid away from the wall and with 
it reduce the wall heat flux. This is indicated by the streamlines on the sketched vortices in 
Fig. 2-21. These locations mark the lateral extent of one vortex so that several vortices lead 
to the characteristic striation heating pattern. The vortex diameter determines the distance 
between maximum and minimum heat flux observed in lateral direction. Kreins’ investiga-
tion showed that the vortex diameter is proportional to the boundary layer thickness. He and 
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others29,65,92,95 observed for various SWBLI studies that the vortex diameter ranges between 
one to three boundary layer thicknesses. The lateral heat flux variation is also described as a 
distortion with characteristic wave length  which is represented by two vortex diameters.92 
The respective amplitude or amount of heat flux variation varies between 20% and 50% of 
the mean lateral heat flux.13,20,68,94 Cöet13 observed that this lateral heat flux variation de-
creases with increased leading edge radius. The form of the leading edge also plays a major 
role with respect to the development of Goertler vortices. Small irregularities of the leading 
edge can trigger the instability so that these small irregularities are the cause for the irregular 
striation pattern.92 This has also been observed by other reseachers19,60,86 in order that e.g. 
the leading edges of the Hyper X-43 being a scramjet engine demonstrator for Mach num-
bers of 7 and 10 are well protected before flight (Fig. 2-23). Schrijer et al.87 increased the 
leading edge bluntness of their model from a sharp leading edge to a 1 mm leading edge 
radius so that small irregularities of the leading edge form became smaller from a relative 
point of view and with it the striation pattern changed to a more regular pattern. Finally, a 
comprehensive study by Simeonides92 indicated that an irregular striation pattern is more 
likely to appear beneath the aforementioned leading edge effect for low Reynolds numbers 
and low shock strengths so that the striation pattern becomes more regular, if the Reynolds 
number and/or the shock strength are increased.  
Due to the fact that Goertler vortices influence the lateral heat flux distribution down-
stream of reattachment and the observed heat flux levels are higher compared to the laminar 
estimates, the occurrence of Goertler vortices is often assumed as an indicator for transition. 
This needs to be addressed more detailed as Goertler vortices have been observed in lami-
nar,6,68 transitional6,20,87,92 and turbulent6,20,65,92 flows thus their occurrence provides no 
information about the boundary layer state. Therefore, the flow field downstream of a 
SWBLI should be divided in a zone with Goertler vortices and a zone where these have 
decayed. The latter zone features the new vortex free sublayer as in Kreins’ flow description 
(Fig. 2-22). In the zone with Goertler vortices the mean value is given by the boundary layer 
state and the variation by the Goertler vortices. These act as the described wave form distor-
tion with two vortex diameters defining the wave length  (Fig. 2-21) and their severity 
characterizing the amount of the variation or amplitude of the wave form distortion. This 
wave form distortion has been shown with a three-dimensional numerical simulation of a 
laminar SWBLI by Navarro-Martinez.68 In the zone of the new sublayer or downstream of 
the Goertler vortices’ break down a laminar boundary layer state has been observed for low 
Reynolds numbers by Kreins53 and a turbulent boundary layer state e.g. by Simeonides.92 
These findings indicate that the occurrence of Goertler vortices does not constitute an indi-
38 2.5 Three-dimensional flow phenomena 
cator of boundary layer transition, but due to the generated cross flow Goertler vortices 
enhance transition to turbulence81 so that more investigations observed turbulent than lami-
nar boundary layer downstream of the vortices’ breakdown. 
 
 
Leading edge 
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Fig. 2-23: NASA Hyper X-43 with leading edge protection mounted on the Pegasus booster67  
2.5.2 Finite span effect 
The finite span effect is caused by side flow as described in chapter 2.1. Due to the side 
flow the generated pressure rise of the first ramp shock is reduced and for models with a 
small aspect ratio the corresponding expansion spreads from the outer ends of the leading 
edge towards the midspan of the model. With this pressure decrease a negative pressure 
gradient is induced increasing the skin friction and heating.59 On the other hand, the de-
creased pressure causes reduction of the boundary layer edge temperature which has a de-
creasing effect on the heat load. Therefore, the net outcome is not clear and is discussed in 
chapter 4.5.5. Due to this influence on the boundary layer, called Mangler effect,39 also the 
SWBLI is affected so that in earlier studies of two-dimensional SWBLIs the model width 
had been increased until the separation size remained unchanged.42,56 One of these studies 
was conducted by Lewis56 who deduced the empirical rule that the model width should be as 
large as the flat plate length of a flat plate/ramp configuration to ensure two-dimensional 
flow in the model’s midspan. 
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2.5.3 Side wall effects 
To prevent the above described spillage flow or side flow which reduces the mass flow 
into the engine, side walls are employed. Their installation provokes additional shock waves 
which deflect the flow around the side walls as these have a finite thickness. These shock 
waves are accompanied by an inviscid drag increase and boundary layers developing on the 
side walls increasing the heat load and viscous drag. The shock wave of the planar geome-
try’s first ramp interacts with these sidewall boundary layers resulting in SWBLIs. Due to 
the complex three-dimensional flow field evolving in the corner of the ramp and the side 
wall this SWBLI type is ranked among the three-dimensional SWBLIs (Fig. 2-24).2,14,97,105 
 
 
Fig. 2-24: Three-dimensional SWBLI due to a glancing shock wave97 
 
Figure 2-24a shows the flow field without SWBLI and indicates a vortex in the corner of 
the ramp and the side wall. Stollery97 pointed out that the pressure rise across the first ramp 
shock wave feeds upstream through the subsonic part of the side wall boundary layer so that 
the streamlines close to the side wall surface are deflected upstream of the first ramp shock’s 
impingement. This deflection and the swept shock impingement generate the vortex in the 
corner which transports high energetic flow to the wall thus increases pressure and heat load 
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in this region. Figure 2-24b displays the flow model with SWBLI. As in two-dimensional 
SWBLIs, the streamlines for the flow along the side wall first pass the separation shock 
emanating from the convergence line A and then the reattachment shock emanating from the 
reattachment line. In the direction normal to the side wall both shock waves coincide and 
proceed as the oblique shock wave generated by the first ramp (Fig. 2-24c). Between the 
separation and reattachment shock a second vortex or vortical layer appears (Fig. 2-24b) 
which is similar to the vortex shown for the two-dimensional interaction (Fig. 2-17). Ac-
cording to the features of two-dimensional SWBLIs high reattachment pressures and heat 
fluxes have been observed. A detailed survey concerning experimental and numerical stud-
ies is presented elsewhere.17,50,88  
2.6 Isolator flow 
The isolator is the internal channel connecting the outer compression ramps with the 
combustion chamber and shell prevent intake unstart due to the supersonic combustion 
process. The supersonic combustion process leads to a static pressure increase whereas the 
subsonic combustion process leads to a static pressure decrease which is theoretically de-
scribed by the Rayleigh curve.3 The supersonic combustion pressure rise acts upstream due 
to the subsonic part of the channel boundary layers and thereby causes a shock train. This 
shock train, sketched in Fig. 2-25, adapts the static pressure at the isolator inlet (index 2) to 
the static pressure at the combustion chamber entrance (index 3). This shock train consists 
of several shock waves interacting with the channel boundary layers thus causing additional 
local heat loads.  
 
 
Fig. 2-25: Shock train in the isolator14 
 
The upstream extent of the shock train is measured starting from the combustion cham-
ber entrance and depends on the flow conditions at the isolator inlet as well as the combus-
tion pressure rise. If the pressure rise is too large, the shock train reaches the isolator inlet 
and a strong shock upstream of the isolator inlet forms. The strong shock causes subsonic 
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flow in the isolator, increases the inviscid drag and deflects the incoming flow outwards thus 
decreases the captured mass flux so that the engine’s performance is decreased drastically. 
This state is called intake unstart.   
The shock train is classified into two different types – the oblique and the normal shock 
train. The oblique shock train has a supersonic outflow being required for a scramjet engine 
whereas the normal shock train has a subsonic outflow employed in ramjet engines and an 
example is shown in Fig. 3-9. The occurrence of the two different types depends on the 
upstream Mach number, the boundary layer, the channel geometry and the combustion 
pressure rise. For a low pressure rise and for high upstream Mach numbers the shock train 
vanishes completely.14 To show the similarity between a developing shock train and a “sim-
ple” SWBLI, a supersonic duct flow with combustion is considered. For a low combustion 
pressure rise the boundary layers remain attached, but for a certain pressure rise a small 
separation bubble occurs with the corresponding separation and reattachment shock waves 
as observed for the two-dimensional SWBLIs. This similarity allows one to use the findings 
about SWBLIs for the development of the shock train and states e.g. that for a given pres-
sure rise no separation or no shock train occurs, if the upstream Mach number exceeds a 
certain limit. This leads to the same result as given above that the shock train reduces to a 
simple oblique shock wave for high upstream Mach numbers. 
Besides the shock train flow also the compressible duct flows governed by friction have 
to be considered. For one-dimensional, steady, adiabatic and shock less flow such flow is 
described by the Fanno line.3 Generally friction increases the flow’s entropy so that the flow 
approaches the maximum entropy condition which is the sonic condition. This leads to a 
Mach number increase in subsonic flows and a Mach number decrease in supersonic flows. 
According to the scramjet isolator the isolator length has an upper limit due to the flow 
deceleration by friction. If an isolator contains a flow dominated by the described friction 
effect followed in downstream direction by a shock train, the friction effect reduces the 
Mach number upstream of the shock train so that a normal shock train with subsonic out-
flow could be provoked instead of a desired oblique shock train with supersonic outflow. 
Finally, the heat addition due to supersonic combustion also reduces the Mach number 
in a one-dimensional, adiabatic and shock less channel flow as described by the Rayleigh 
curve.3 The occurrence of the sonic condition due to heat addition is called thermal choking 
which causes large amounts of drag and reduces radically the engine’s performance.64 The 
thermal choking is more easily provoked, if the Mach number has already been reduced by 
friction effects in a long isolator. In respect of the scramjet isolator design the isolator 
should be long enough to contain the whole shock train for maximum combustion pressure 
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rise taking into consideration that further length increase could provoke thermal choking and 
increases skin friction drag. The length of the shock train is determined with a correlation 
given by Billig.8 The designed isolator consists at the upper edge of the horizontal cowl and 
at the lower edge of horizontal part which opens after 59 mm by 1° (Fig. 2-5). Such opening 
shall account for the growing boundary layers and adds a negative pressure gradient increas-
ing the resistance against boundary layer separation. 
A more detailed introduction about shock trains in scramjet engines is given by Heiser 
and Pratt in reference 14 (pp. 577-593). Recent investigations have been undertaken by 
Hermann,36,37 Emami24 and in the research training group by Häberle32,33 at the DLR Co-
logne. 
2.7 Intake design and investigation options 
The hypersonic flow theory introduced before permits one to generally design a scramjet 
intake. However, some areas remain which are not yet fully understood. One of these areas 
are SWBLIs and with it their impact on the aerodynamic forces and peak heating. This 
circumstance limits the straight forward optimization of the intake and also could lead to a 
failure of the engine. The experimental research undertaken in this thesis utilizes two models 
to study the SWBLI at the kink of the outer compression ramps. The double ramp model is 
used to investigate the simpler two-dimensional flow field whereas the scramjet intake 
model additionally addresses the incorporated three-dimensional effects of the scramjet 
intake (Fig. 2-26). The side flow effects are investigated with disassembled side wall as 
shown for the left model side in Fig. 2-26 and the corner flow effect with mounted side 
walls as displayed for the right model side. With mounted side walls the intake model also 
features an inner flow channel allowing to study the isolator flow (Fig. 2-27). The complete 
intake model installed in the tunnel is shown in Fig. 2-29. 
 
 
Fig. 2-26: Outer compression surfaces of the double ramp (left) and the intake model (right) 
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Wedge Pitot tubes
Intake cowl 
 
Fig. 2-27: Isolator of the scramjet intake model with pitot tubes mounted in a wedge for combustion 
chamber pressure simulation 
 
The geometry of the two models is summarized in Tab. 2.2 and a sketch of the geometry 
is given in Fig. 2-4 and Fig. 2-5. The ramp angles of both models are similar, but the length 
as well as the width-to-length ratio of the first ramp differ between the models. For SWBLI 
investigations of a flat plate/ramp configuration Lewis proposed a width-to-flat-plate-length 
ratio above one to ensure two-dimensional flow in the midspan of the flow without interfer-
ence of side flow (chapter 2.5.2). This criterion has been adapted for the double ramp con-
figuration being a flat plate/ramp configuration at an angle of attack of 9°. Therefore, a two-
dimensional flow field can be investigated with the double ramp model (L/B = 1.5 > 1) and 
the flow field of the scramjet intake model without mounted side walls is influenced by side 
flow (L1/B = 0.37 < 1). To distinguish more clearly between the experiments with the differ-
ent models the reference coordinate along the surface s is related to the first ramp length 
which is termed L for the double ramp model and L1 for the intake model.  
Besides the ability to study the flow field being nominally two-dimensional, influenced 
by spillage or affected by corner flow, the investigation options of the models allows one to 
address the effects of elevated wall temperature and leading edge bluntness with simulated 
flight stagnation temperatures of more than 2000 K. The capability to simulate high stagna-
tion temperatures is only feasible in a few ground test facilities worldwide so that the addi-
tional option to vary the stagnation temperature starting from the flight stagnation tempera-
ture is even more valuable. The main focus of this research lies on the SWBLI at the kink of 
the compression ramps, but designed scramjet intake permits to research other scramjet 
related flow phenomena like the SWBLI due to the impinging cowl shock and the shock 
train. These are not understood at present so that these could also be analysed under the 
described investigation options like e.g. elevated wall temperature. In addition to these 
options Fig. 2-28 indicates that the construction of the intake model further permits one to 
influence the SWBLI due to the cowl shock by variation of the cowl position in streamwise 
direction and with it the impingement point (A), to affect this SWBLI with a boundary bleed 
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with various bleed slot widths (B) and to study the shock train with different simulated 
combustion chamber pressures (C). These pressures are simulated through a wedge which is 
mounted downstream of the isolator and is transversed into the isolator to reduce to the 
isolator exit area (Fig. 2-27). To observe the different effects on the flow leaving the isola-
tor, the wedge supports 8 pitot probes thus gives the pitot pressure and Mach number profile 
being an important information for supersonic combustion studies. 
 A C 
B 
 
Fig. 2-28: Different investigation options of the intake model 
 
The different influences on the flow fields of both models are observed with wall pres-
sure and heat flux sensors installed in the models as well as with schlieren and IR imaging. 
All different measurement techniques are employed at the same time and for all investiga-
tion options. This constitutes a big advantage compared to investigations which use different 
models for the different measurement techniques. This is explained for a possible mismatch 
of the separation positions obtained by the different techniques installed in different models. 
Such mismatch could be caused by the measurement techniques used, slight variations in the 
free stream conditions or slight uncertainties in the different models’ geometry. Moreover, 
the observation of all simulated influences on the flow field with different measurement 
techniques allows a more comprehensive investigation of the flow physics and the variation 
parameters characteristic. On the other hand, the study of the wall temperature effect e.g. 
without wall pressure measurement would ease the model construction and design process 
(chapter 3.3). Finally, due to the focus of this research on the outer compression, the pres-
sure and heat flux measurements are only taken on the first two ramps and thereby increase 
the spatial density of these measurements. This spatial density has been further increased 
due to the fact that the total number of sensor channel of the shock tunnel TH2 has been 
increased from 64 to 82. 
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Tab. 2.2: Geometry of the double ramp (DR) and the intake model (IM)  
 
 DR IM 
L, L1 [mm] 180 271 
L2 [mm] 255 119.5 
L3 [mm] - 58.8 
L4 [mm] - 143 
B [mm] 270 100 
H [mm] - 100 
HIso [mm] - 18 
C [mm] - 208.3 
Cx [mm] - -6.3 
B/L [-] 1.5 0.37 
	1 [°] 9 9 
	 2 [°] 20.5 20.5 
	 3 [°] - 0 
	 4 [°] - -1 
	 C [°] - 0 
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Fig. 2-29: CATIA model of the intake model  
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3 Experimental testing and numerical simulation 
3.1 Hypersonic shock tunnel TH2 
Ground testing of scramjet intakes as other aerodynamic testing aims to reproduce the 
flow field occurring during flight and to observe this flow field by different measurement 
techniques and with it to estimate the aerodynamic load. To produce a representative flow 
field, the flow similarity parameters being e.g. the free stream Mach number and the Rey-
nolds number as well as the total temperature have to be the same as in flight. During flight 
scramjets are exposed to high energetic flow which is very expensive to produce in normal 
blow-down wind tunnels due to the high energy contained in the flow. Hence, if this flow 
stagnates, it reaches temperatures of more than 2000°C representing a technical challenge 
from the material point of view. The hypersonic shock tunnel TH2 (Fig. 3-1) of the Shock 
Wave Laboratory employs the shock tunnel principle (chapter 3.1.1) to produce these high 
energetic flows for a period of a few milliseconds. Besides generating a similar Mach num-
ber, Reynolds number and total temperature of the desired flight case (chapter 2), the shock 
tunnel also allows one to vary the total temperature whereas the other flow similarity pa-
rameters remain nearly constant (chapter 3.1.2). The shock tunnel TH2 is a reflected shock 
tunnel and features a helium driven mode30 employed in this study and a detonation mode71 
to simulate stagnation temperatures up to 7400 K for the investigation of re-entry vehicles. 
 
 
Fig. 3-1: Hypersonic shock tunnel TH2 
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3.1.1 Principle of a shock tunnel 
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Fig. 3-2: Principle of the shock tunnel in helium driven mode 
 
The principle of a shock tunnel is briefly introduced using the example of the hypersonic 
shock tunnel TH2 which consists of a test section with the model (Fig. 2-1), the nozzle, the 
driven and driver section (Fig. 3-2). Before the start of the experiment the high-pressure 
driver gas contained in the driver section is separated from the low pressure test gas in the 
driven section by a double diaphragm. To start the experiment, the double diaphragm is 
ruptured. The higher pressure of the driver section expands into the driven section and a 
normal shock wave propagates into the driven section with the wave velocity w (Fig. 3-3). 
The shock wave accelerates the processed gas to a velocity up and increases the static tem-
perature and static pressure discontinuously as discussed in chapter 2.1. At the end wall the 
shock wave reflects and reprocesses the accelerated gas and thereby brings it to rest being 
the so-called state 5. The reflected shock wave travels in the direction of the driver section 
so that it interacts with the contact surface. If this interaction does not produce any waves of 
finite amplitude, the shock tunnel condition is called tailored. For a given setup of shock 
tunnel facility as well as gas types of the driver and driven section this tailored condition is 
determined by the initial driver and driven section pressures p4 and p1 and temperatures T4 
and T1, respectively. For the tailored condition the stagnated gas of state 5 is identical to the 
stagnation conditions (index t) of the gas accelerated by the nozzle to the hypersonic free 
stream (index ). Before the experiment the driven section is separated from the evacuated 
test section by the nozzle diaphragm which is ruptured due to the high-pressure of the stag-
nated gas. After the rupture of the nozzle diaphragm the flow build up takes a few millisec-
onds until steady flow conditions in the test section are reached. These last for a short pe-
riod, the test time, until the flow breaks down. A detailed description of the elementary 
shock tube performance could e.g. be reviewed in the books by Liepmann57 and Oertel.76 
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Fig. 3-3: Flow in a shock tube after the double diaphragm is broken3 
 
3.1.2 Free stream conditions 
The stagnated gas generated by the shock tunnel is accelerated by the nozzle so that the 
gas leaving the nozzle reaches the free stream conditions desired for the experimental test-
ing. The created flow is consequently characterized by the free stream conditions and the 
stagnation conditions assuming adiabatic nozzle flow. Due to the fact that the theoretical 
description of the shock tunnel flow in chapter 3.1.1 does not include viscous and other 
application effects like diaphragm rupture, the experimental stagnation conditions deviate 
slightly from the theoretically obtained values. Since the stagnation conditions are an impor-
tant measure of the flow, these and the free stream conditions are determined with a proce-
dure described by Vetter.106 This procedure requires the measurement of the pitot pressure 
and the heat flux in the stagnation point of a sphere in the test section as well as the total 
pressure upstream of the nozzle. In the first step of the procedure the stagnation conditions 
and in the second step the free stream conditions are evaluated. Tab. 3.1 contains the free 
stream parameters for the two test conditions utilized which are averaged over the test time 
period of 2 to 5 milliseconds.  
The employed slender conical nozzle with a half apex angle of 5.8° creates small axial 
gradients of the free stream parameters in the test section which have been calibrated72 and 
are also presented in Tab. 3.1. The free stream parameters given in Tab. 3.1 are determined 
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with respect to the intake model leading edge which is located 0.146 m upstream of the 
nozzle exit. The double ramp models leading edge is located 0.025 m downstream of the 
nozzle exit thus the free stream parameters are slightly different compared to the intake 
model e.g. the higher Mach number of 8.1 for condition I. To determine the pressure coeffi-
cient (eq. (3.1)) and Stanton number (eq. (3.2)) the free stream gradients are taken into 
account by the evaluation of the local reference parameters9. 
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Tab. 3.1: Free stream conditions based on intake model leading edge and free stream gradients  
 
 Cond. I Cond. II 
Ma [-] 7.7 7.6 
Re [1/m] 3.5·10
6 4.5·106 
Tt [K] 1300 2200 
T [K] 100 210 
p [mbar] 4.5 17 
Ma/(Ma·x) [1/m] 0.209 0.112 
p/(p·x) [1/m] -1.061 -0.525 
u/(u·x) [1/m] 0.033 0.055 
/(·x) [1/m] -0.817 -0.443 
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3.2 Measurement techniques 
The flow field has been investigated with different measurement techniques to allow 
cross-checks of the observations. The schlieren images visualise the flow field’s topology 
and give qualitative flow field information as e.g. separation length, shock shape etc. Pitot 
and wall pressure measurements have been employed to record the pressure loads and 
thereby separation and reattachment positions. Thermocouple measurements and the infra-
red (IR) imaging display temperature distributions which are used to determine wall heat 
fluxes. The obtained heat flux distributions also permits the determination of the separation 
and reattachment positions whereas the IR imaging additionally gives information about the 
heat load distribution in lateral direction. These measurement techniques are only described 
briefly in the following subchapters as they are standard techniques at the Shock Wave 
Laboratory. Detailed presentations can be found in following references.9,46,73,106 However, 
since the schlieren technique has been improved to allow quantitative conclusions about the 
density gradient of the flow field, this enhancement is shown more detailed in chapter 3.2.3.  
The scramjet intake research concerning this model has been split into two research 
campaigns, the first addresses the outer compression and is topic of this thesis whereas the 
second concerning the isolator flow is left for future research. This approach allows one to 
increase the number of pressure transducers and thermocouples in the area of interest be-
cause the total number of probes is limited. This limit evolves from the required lead-
through of the probes cables through the test section walls, the amplifiers and measurement 
channels of the data acquisition computer. Due to the short measurement time of a few 
milliseconds an appropriate measurement chain is required for each probe. 
3.2.1 Pressure measurement 
For the wall pressure measurements Kulite XCQ-080 pressure transducers have been 
employed which are miniaturized piezoresistive pressure transducers having a cylindrical 
shape. The transducer has a diameter of 2 mm and a height of 6 mm so that this transducer 
type permits a high spatial resolution of the aerodynamic surfaces’ pressure distribution 
(Fig. 3-4). The transducers are temperature compensated up to 80°C and have a maximum 
operating temperature of 120°C. Therefore, they need to be protected of the heated aerody-
namic surfaces with temperatures up to 1000 K. This requires as special installation of the 
pressure transducers and other means which affect the dynamic performance of the complete 
pressure measurement chain. This installation and the dynamic performance are described in 
chapter 3.3.2 as part of the model heating technique and allow a satisfactory sensor response 
time concerning the short shock tunnel measurement time. 
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Fig. 3-4: Pressure taps, thermocouples and IR imaging positions (top view), line scans are y1 = 4.9 mm 
and y2 = 19.4 mm offset from the centre line 
3.2.2 Temperature measurement and heat flux determination 
Temperatures are measured by thermocouples and IR imaging on the flow wetted sur-
faces and within the model. These measured temperatures allow on the one hand to control 
the heating process of the model and on the other to determine heat fluxes during the ex-
periment.  
For the heating process thermoelements of type K observe the temperature of the heating 
wires to prevent overheating (Fig. 3-10 and Fig. 3-15) whereas coaxial thermoelements90 of 
type E measure the surface temperature of the model in longitudinal and lateral direction 
(Fig. 3-4). The IR camera is installed in the tunnel ceiling facing down onto the model 
ramps (Fig. 2-1). The measured intensities of the IR signal are related to the heat radiation of 
the model surface which depends on the surface temperature and the emissivity of the mate-
rial.9 In order to increase the emissivity to one, the surfaces have been coated with black 
paint preventing radiation reflections which have been observed for shiny metal surfaces. 
The coating omits the pressure taps and the thermocouples where the latter appear as cold 
areas due to the low emissivity of the shiny thermocouple material (Fig. 4-28). The first IR 
images (Fig. 4-28, Fig. 4-29, Fig. 4-63) have been obtained with the areas between the 
thermocouples also being uncoated so that these areas appear darker. The IR camera has 
been calibrated while being installed in the tunnel in order to account for uncertainties of the 
emissivity value, the camera window and so on. For the calibration of the camera the model 
is heated and the measured intensity of a surface area located between two thermocouples is 
related to the mean temperature of these thermocouples. This calibration has been performed 
at several locations and on both ramps. 
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The heat flux is derived from the measured temperature signal over time and on the ba-
sis of an analytical equation. This equation is derived based on two assumptions. First, the 
heat flux into the structure is conducted only normal to the surface and not to the sides. 
Second, the coaxial thermocouple is treated as a semi-infinite solid so that the temperature at 
the end of the coaxial thermocouple remains unchanged during the test time being appropri-
ate for short duration facilities as employed in this work. This method is described e.g. by 
Schulz98 for the thermocouples and has been applied for the IR imaging by Heufer.38  
3.2.3 Schlieren visualisation 
Schlieren images display the flow field’s density gradient distribution so that this tech-
nique is often used to identify the flow field’s topology. The schlieren technique is discussed 
in detail by Settles.89 This subchapter gives a brief description of the schlieren technique and 
the shock tunnel TH2’s optical setup. This permits the explanation of the improvements 
made regarding the quality of the schlieren images and the quantitative measurement of 
density gradients for planar flow fields. 
 
 
Fig. 3-5: Optical setup of the TH2 schlieren image system (not to scale) 
 
The employed schlieren optical setup is a z-type arrangement as shown in the three-
dimensional sketch in Fig. 3-5. The light source (1) is a Nanosecond spark light63 which 
produces a high energy light beam with a duration of 0.2 milliseconds which is focused with 
two lenses (2) and (3) on the aperture (4). The cylinder lens (5) located after the aperture (4) 
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is discussed later in this chapter because it increases the image quality but is not essential for 
the schlieren technique. The light beam passing the aperture is deflected by the mirror (6) 
onto the first concave mirror (7). Due to the fact that the aperture is located in the focus 
point of the first concave mirror (7), parallel light penetrates the test section (8) which is 
deflected by mirror (9) onto the second concave mirror (10). This focuses the parallel light 
in its focus point (11) so that the light source image given by the aperture’s shape (4) is 
redisplayed. The schlieren knife is located at this focus point and usually blocks half of the 
redisplayed source image (Fig. 3-6) so that the other half passes the schlieren knife and lens 
(12) determining the brightness of the image observed at the camera (13).  
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Fig. 3-6: Different positions of the light source image for different density gradients 
 
The above described illumination beam path determines the brightness of the schlieren 
image without density gradient in the test section so that this schlieren image is called refer-
ence image which is taken prior to the experiment. Besides the illumination beam path a 
second optical path exists which images the model with the flow field onto the camera. The 
clue of the schlieren technique is that the schlieren knife effects only the illumination beam 
path. The schlieren knife blocks half of the redisplayed source image (Fig. 3-6 b) and 
thereby decreases only the brightness of the reference image, but the schlieren knife is not 
visible by it’s shape in the image observed by the camera. A density gradient occurring in 
the test section leads to a shift of the source image so that upwards or downwards shifts lead 
to a brighter or a darker schlieren image, respectively (Fig. 3-6 a, c). The schlieren image 
(e.g. Fig. 4-31) observed by a CANON EOS 5D digital camera consists of 4368 by 2912 
pixels whereby each pixels position is defined by a x and y component in the schlieren 
image. For each pixel a bundle of parallel light rays exists which penetrates the flow field at 
the position of the respective pixel in the schlieren image. This light ray bundle is then 
focused by the second spherical mirror and redisplayed as the pixel’s light source image at 
the schlieren knife. As each pixel has a light source image which is deflected regarding the 
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density gradient of the pixel’s position, the density gradient distribution of the flow field is 
given by the schlieren image. 
Due to the fact that the schlieren image consists of 12.7 Mio. sensors (4368 x 2912 pix-
els) and the price of a schlieren optical system is about 25.000 € each sensor probing costs 
0.002 € which is very cheap compared to a wall pressure probe of about 2000 €. This raises 
the interest to increase the schlieren images’ quality and to draw quantitative conclusions 
regarding the density gradient. The lessons learned with respect to the optical setup, the 
physical relation between the density gradient in the flow field and the brightness change in 
the schlieren image are summarized and given in more detail by Haker31 and Kitzhofer.48 
These works lead to improved components of the optical system and an evaluation method 
of the density gradients displayed in the schlieren image. 
The minimum and maximum displayable density gradient is also indicated in Fig. 3-6. If 
the source light is deflected upwards so that it is not shielded by the schlieren knife, a 
stronger deflection due to a larger density gradient does not lead to a further increase of the 
image’s brightness (Fig. 3-6c). This indicates the upper limit of the measurement range 
whereas the lower is given by the complete shielded source image (Fig. 3-6a). The maxi-
mum (+) and minimum (-) density gradient is given in equation (3.3) and depends on the 
height of the source image at the schlieren knife h (Fig. 3-6), the depth of the flow field 
being the model width B, the focal length f2 of the second mirror (10) and the Gladstone 
Dale constant for blue light (K = 2.229·10-4 m3/kg).89  
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The rectangular shape of the redisplayed light source image at the schlieren knife is 
given by the rectangular shape of the aperture (4) with slightly changed height h due to the 
employed cylinder lens (5). This lens compensates the astigmatism which is an optical 
defect causing blurring thus has to be corrected for an improved image quality.35 In this 
study the effect of the cylinder lens on the height has been negligible. However, it may have 
a significant influence as shown in the project work of Kitzhofer.48 Concluding, the change 
of the light source image’s shape has to be determined at the schlieren knife and might be 
changed to the aperture’s shape (4) depending on the optical setup. Since the effect is negli-
gible concerning this study, no distinction is made for simplicity reasons in the further dis-
cussion. 
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For a quantitative evaluation of the density gradient in the flow field an equation has 
been derived which describes the relation between the changing brightness in the schlieren 
image and the density gradients of the flow field. Since this relation holds for each pixel, the 
following scalar equations can be summarized to a matrix for the whole image, but the 
following explanation refers only to one pixel. Before the experiment the evacuated test 
section features no density gradients so that the so-called reference image is taken with the 
intensity I0 (eq. (3.4)). This intensity depends on the luminance E given by the light source 
image, the width of the source image b, the magnification factor m, the cameras sensitivity 
factor  determined by the chosen ISO number of the camera, the camera’s exposure time t 
and the height of the light source image passing the schlieren knife h. The magnification 
factor m is the ratio of the model length as observed by the camera to the real model length 
in the test section.  
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The density gradient occurring during the experiment leads to a shift of the light source 
image a increasing or decreasing the height of the light source image passing the schlieren 
knife (eq. (3.5)). 
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The ratio of the experiment’s intensity and the reference image’s intensity is shown in 
equation (3.6). For the sake of simplicity in the following derivation the same luminance (EV 
= E0), ISO number giving the sensitivity ( ISO,V =  ISO,0), and exposure time (tV = t 0) are 
employed. 
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For light passing through a flow field with a density gradient the deflection angle of the 
light is given in equation (3.7) and the shift of the source image in equation (3.8). 89 
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 1,2 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Therefore, a relation between the density gradient during the experiment and the inten-
sity change observed by the camera is obtained thus the density gradient can be expressed as 
function of the intensity change observed (eq. (3.9)). If the source light is deflected upwards, 
so that it completely passes the schlieren knife (IV = 2I0), equation (3.9) agrees with the 
statement by Settles89 for the maximal density gradient given in equation (3.3). 
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This relation and the gained understanding allows one to adjust the schlieren optical 
setup to a desired measurement range of the density gradient. In ordinary terms the result is 
called that “the image has a good contrast”. The relation between the density gradients 
occurring in the test section and the intensities IV observed by the camera is sketched for 
three different source image heights h in Fig. 3-7. The variation of the source image’s height 
indicates the respective variation of the measurement range which is given by the complete 
shielding or passing of the light source image at the schlieren knife (Fig. 3-6, eq. (3.3)). 
Hence, an increased height permits the observation of larger density gradients and would 
suggest to choose a large height of the light source image. Due to the fact that also the cam-
era’s measurement range has to be taken into account for the measurement range of the 
complete measurement chain, the camera is discussed in more detail. For a camera with an 8 
bit resolution an intensity value of 0 refers to black, 127.5 to ideal grey and 255 to white. 
Black (I = 0) and white (I = 255) represent the measurement range of the camera and have to 
be adjusted to the measurement range of the optical setup. In Fig. 3-7 the measurement 
range of the schlieren optical setup and the camera coincide for a height of 1.5 mm. If the 
height is increased to 2 mm, the optical setup allows the observation of larger density gradi-
ents, but the camera’s measurement range is exceeded. For the height of 1 mm the optical 
setup with a smaller measurement range defines the measurement range of the whole meas-
urement chain. To achieve the optimum resolution for a given maximum density gradient, 
the measurement ranges of the optical setup and the camera must coincide. With respect to 
the statement that large source image heights should be used, it is stressed that for an in-
creased measurement range and a fixed number of the camera’s intensity steps (8 bit = 256 
intensity steps) the density gradient change related to one intensity step increases so that 
small changes could not be resolved. 
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Fig. 3-7: Measurement range of the schlieren optic system as function of source image’s height, the 
reference coordinate system is given in Fig. 2-4 
 
To adjust the measurement range of the camera to the specified optical setup measure-
ment range (eq. (3.3)), the intensity observed by the camera with a retracted schlieren knife 
has to be adapted to an intensity value of 255 (Fig. 3-7). The withdrawn schlieren knife 
simulates the maximum density gradient with the complete passing of the source image at 
the schlieren knife (Fig. 3-6c). This intensity adaption is achieved by variation of the pa-
rameters given in equation (3.4) being e.g. the width of the source image b or the camera’s 
sensitivity factor due to the chosen ISO number. For the repositioned schlieren knife shield-
ing 50% of the source image the reference schlieren image displays ideal grey being an 
intensity of 127.5 so that the measurement ranges of the optical setup and the camera coin-
cide. 
Another important parameter of the schlieren technique is the relative clockwise position 
of the schlieren knife to the considered aerodynamic surface in the test section. This position 
determines the direction of the displayed density gradient as only deflections normal to the 
schlieren knife are observed. In Fig. 3-6 a density gradient with respect to the x-axis does 
not change the amount of light passing the schlieren knife and with it the intensity observed 
by the camera does not change. In Fig. 3-6 the schlieren knife is installed from the lower 
side so that a positive density gradient shifting the source image upwards is observed 
brighter. For a schlieren knife installed from the upper side a light source image’s upwards 
shift is observed darker. These findings lead to the construction of the schlieren knife com-
ponent which allows the adjustment of the schlieren knife edge continuously between 0° and 
360° (Fig. 3-8). The said construction also permits to adjust the height h of the light source 
image which passes the schlieren knife for the reference image without density gradient in 
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the test section. The possibility to regulate this height increases the maximum measurable 
density gradient, but decreases on the other hand the minimum measurable density gradient. 
This regulation alters the measurement range and permits as special case e.g. to observe only 
positive density gradients which is achieved by positioning the schlieren knife at the lower 
edge of the light source image so that for the reference image all light passes the schlieren 
knife. For negative density gradients the light source image is deflected upwards, but causes 
no brightness increase of the schlieren image. Therefore, negative density gradients are not 
observed, but the measurement range for positive density gradients is doubled as twice of 
upward shift of the light source image is measurable by the camera. The percentage of the 
light source image shielded by the schlieren knife is called cut-off c (h = c·h) being 50% 
for Fig. 3-6 and Fig. 3-7.   
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Fig. 3-8: Schlieren knife component 
 
The developed schlieren knife component has been utilized by Weiss et al..107,108 Their 
schlieren images of a shock train flow display the density gradients with respect to the hori-
zontal and the vertical schlieren knife position (Fig. 3-9) thus showing one advantage of this 
design. A similar component has been developed for the aperture determining the source 
image dimensions so that the height and width are adjustable continuously and precisely due 
to the micrometer screws used. The aperture construction is adjustable in the radial position 
between 0° and 360° to follow the rotation of the schlieren knife. Both components as well 
as further details concerning the quantitative density determination are presented by Haker31 
and Kitzhofer.48 
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Fig. 3-9: Schlieren images of shock train flow displaying density gradients with respect to the horizon-
tal (upper) and with respect to vertical (lower)107,108 
 
The black and white (BW) schlieren images presented in this thesis display, if not oth-
erwise noted, the density gradients with respect to the y-axis in range of ±6 kg/m4 for the 
double ramp configuration and ±134.6 kg/m4 for the intake model. The optical setup shown 
for BW schlieren images (Fig. 3-5) has also been employed for colour schlieren images 
which display the direction of the density gradient. For this purpose a colour mask is used as 
aperture (4) and a pinhole type aperture as schlieren knife (11). A decoding mask which is 
shown in Fig. 4-27 indicates the colour for a respective gradient direction. Moreover, green 
is chosen as background colour with e.g. bright green indicating a density gradient down-
wards. This technique is described in more detail by Kleine.49 
3.3 Model heating technique  
During hypersonic flight the wall temperature increases due to aerodynamic heating 
whereas during the short test time in the shock tunnel the aerodynamic surfaces do not heat 
up significantly. Therefore, the elevated wall temperature has to be obtained by other means, 
in order to investigate its effect on the flow field. To simulate such elevated wall tempera-
tures the model heating technique of Bleilebens,9,10 which has been developed at the Shock 
Wave Laboratory, is employed and improved. The performance of the heating technique is 
determined by the maximum wall temperature, the homogeneous temperature distribution of 
the flow wetted surfaces and the possibility to obtain wall pressure measurements. These 
measurements should have high spatial resolution to observe the characteristics of the flow 
field and fulfil the constraint given by the shock tunnel flow. This constraint is the short 
measurement time of a few milliseconds so that the pressure transducers have to be placed 
close to the flow wetted surface to achieve a short response time and with it have to be 
actively cooled. The constraint of the cold transducer being put close to the hot wall requires 
thermal insulation to ensure high wall temperatures with homogeneous temperature distribu-
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tion. The intake model with the right side wall disassembled as shown in Fig. 2-29 exposes 
the inner structure of the model. This inner structure connects the heated ramp plate with the 
ground plate and consists of several sandwich constructions (chapter 3.3.2) as well as the 
corresponding carriers. The side walls with the windows for schlieren imaging are con-
nected to the sandwich constructions of the ramp plate and the cowl plate thus attaching the 
cowl to the ramp plate, the inner structure and the ground plate. The rear part of the model 
consists of the tower supporting the wedge and the pitot tubes at the isolator exit (chapter 
2.7), the water distribution system comprising the five different pressure transducer coolers 
and three devices supporting the heating wires installed in the ramp and the cowl plate. 
3.3.1 Heating 
The maximum achievable wall temperature is the result of the installed heating power 
and the heat losses due to conduction, convection and heat radiation so that the first option 
to raise the maximum achievable wall temperature is to increase the heating power. The 
heating wires utilized for the double ramp model as well as for the intake model are installed 
in grooves of the high-temperature stainless steel plates forming the intake geometry (Fig. 
3-10). The ratio of the installed heating power to the wetted surface area is given in Tab. 3.2. 
The ratio has been increased from the original heating technique developed by Bleilebens9 
(double ramp model) to the enhanced heating technique of this study (intake model) due to a 
slightly modified packaging of the heating wires and an increased load of the heating wires. 
Including the improvements of the thermal insulation (chapter 3.3.2) the increased heating 
power leads to a wall temperature of 1000 K.  
The nine heating wires of the intake model are combined in three groups with three heat-
ing wires each. The first group is installed in the first and second ramp, the second group in 
the downstream plate of the isolator and the third group in the cowl plate. In lateral direction 
the heating wire distributions of all three groups are identical as shown e.g. by the first 
group installed in the grooves of the first two ramps (Fig. 3-10). For the first and third group 
the extension along the model contour depends on the length of the respective model part. In 
contrast the upstream isolator part contains no heating wires so that the installation of a 
boundary layer bleed slot is possible (chapter 2.7). A denser packaging of the heating wires 
would further increase the heating power, but is restricted by the minimum bending radius 
of the heating wires which determines the diameter of the heating wire loops as depicted in 
Fig. 3-10. For an increased number of heating wires per group the loops could be avoided, 
but would increase packaging issues and costs significantly. This is mainly attributed to the 
high price per wire and relatively insensitive price increase for an increased length. Addi-
62 3.3 Model heating technique 
tionally each heating wire requires its own transformator as power source and own tempera-
ture control system thus cost and complexity of such a system would be increased. 
 
Tab. 3.2: Heating technique enhancement 
 Double ramp model Intake model 
Power per wetted surface area [W/m2] 26440 42500 
Number of heating wires [-] 8 9 
Total power [kW] 2.3 3.4 
Maximum wall temperature [K] 760 1000 
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Fig. 3-10: Sketch of intake model’s ramp plate with grooves for the heating wires (bottom view) 
 
The temperature control system is required to generate a homogeneous temperature dis-
tribution of the model surfaces for the experiment but also during the heating process. The 
heating process involves thermal expansion which is being accounted for in general by the 
construction (chapter 3.3.3). Also the heating process employs local temperature gradients to 
raise the temperature level so that a non-uniform temperature distribution is more likely to 
occur during the heating process. If the heating process creates large temperature variation 
e.g. between the leading edge and the kink of the two compression ramps the different 
amount of the ramp plate’s expansion in lateral direction causes the bending of the side 
walls and with it raises the potential of rupturing the side wall windows due to generated 
bending stresses. To limit the temperature variation during the heating process, the nine 
heating wires are controlled continuously. Moreover, the original double ramp model heat-
ing technique employed two-step controllers (on/off or discontinuously) which did not allow 
a controlled heating up of the model in a practical manner because these two-step controllers 
reduce the lifespan of the heating wire due to the high switch-on and switch-off current.  
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Fig. 3-11: Temperature distribution of Bleileben’s model9 with Tmax = 740 K and the intake model 
without side walls with Tmax = 600 K  
 
The resulting temperature distributions for the double ramp model and the intake model 
are shown in Fig. 3-11. The upper IR image of the double ramp configuration displays the 
model in the original version of Bleilebens9 which employed an unheated front wall (x/LB = 
-1 to -0.85) and unheated side parts (y/LB = ±(0.45 – 0.625)) thus the temperature decreases 
towards the front and the sides. However, the IR image shows a homogeneous temperature 
distribution in the midspan of the model with a slight decrease to the leading edge. For the 
experiments of the underlying study the model has been redesigned not utilising the un-
heated front wall thus giving a homogeneous temperature distribution in the midspan of the 
model with a reduced temperature decrease to the sides. Due to the omitted front wall the 
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first ramp length of Bleileben’s original model (LB = 218 mm) has been reduced to the 
length L of 180 mm for this experimental campaign, which is the reference length for the 
double ramp experiment. The IR image (Fig. 3-11, lower) of the intake model without side 
walls indicates a significantly increased quality of the temperature distribution. For the 
intake model without side walls metal sheets have been employed instead of the side walls 
(Fig. 2-26, right). The temperature measurements of the intake model with side walls for the 
different wall temperatures are given in Fig. 3-12 indicating also only a slight temperature 
decrease towards the downstream end of the second ramp. The model with side walls repre-
sents the worst case with respect to the homogeneity of the temperature distribution because 
the side walls are an additional heat sink so that even for a wall temperature of 900 K the 
deviations to the sides are small. 
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Fig. 3-12: Temperature distribution of the intake model’s surface with side walls (Fig. 2-26, right) in 
streamwise (left) and lateral direction (right) 
3.3.2 Thermal insulation and active cooling 
To raise the maximum achievable wall temperature and the quality of the temperature 
distribution, the second option is to increase the efficiency of the thermal insulation between 
the heated plates and the cold pressure transducers thus reducing the heat losses. The insula-
tion technique is based on an improved sandwich construction which shields the heated 
plates from the rest of the model. The sandwich construction consists of several polished 
stainless steel sheets being separated by ceramic washers and is clamped between the heated 
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plates and two support parts with four stainless steel screws (Fig. 3-13). The support parts 
connect the sandwich construction with the model structure (carrier) and consequently with 
the heated plates so that the aerodynamic force is led through the sandwich constructions to 
the model structure (Fig. 2-29). 
 
 
Support part Metal sheet 
Fixed connection 
between ramp 
plate and support 
Opening for cooler
Direction of allowed 
thermal expansion 
Openings for sensors 
Sandwich constructionRamp plate 
 
 
 
 
Long hole allowing 
thermal extension Support part 
Carrier Clearance 
Thermocouple
Fixed connection 
between support part 
and ramp plate 
Ramp 
plate Side wall Schlieren window 
Metal 
sheet 
Ceramic 
washer 
 
Fig. 3-13: Bottom view of the sandwich construction mounted on the heated metal plates (upper), 
sectional view of the sandwich construction (lower) 
 
66 3.3 Model heating technique 
The sandwich construction as insulation device aims to reduce the heat losses of the 
heated plates. Due to the vacuum in the test section before the experiment the convective 
heat fluxes can be neglected. The heat conduction is reduced to the four screw connections 
and the clamped materials which both have a relative low heat conductivity. For the pol-
ished sheets stainless steel with a heat conduction coefficient of about 15 W/(m·K) is used 
instead of ordinary steel of about 50 W/(m·K) and the ceramic washers are produced of a 
ceramic called Pythagoras having a heat conductivity of only 2 W/(m·K). The heat radiation 
into the model structure is reduced due to the fact that the stainless steel sheets are polished 
so that more than 90 % of the emitted heat radiation are reflected (emission coefficient  < 
0.1).  
The temperature distributions across the sandwich construction for a constant heat flux 
between a 1000°C heated plate and a 25°C support part are shown in Fig. 3-14 whereas the 
squares mark the centre of the stainless steel sheets. The distributions are calculated for pure 
heat radiation and pure heat conduction. In case of heat conduction a thermal resistance82 W 
is determined which takes into account the ten layers of five ceramic washers and the five 
stainless steel sheets (n = 10). The temperature difference T between the heated plate and 
the support part, the thickness  of the sheets and the washers being 0.5 mm each as well as 
the above given thermal conductivities  define the heat flux per area due to heat conduction 
(eq. (3.10)). In case of heat radiation a steady state is considered so that the heat flux of a 
stainless steel sheet exchanged with the next upper and the next lower stainless sheet must 
be equal. The exchanged heat flux is described by the net heat flux of two radiating sur-
faces82 (eq. (3.11)) employing an emissivity coefficient of 0.1 for the polished stainless steel 
sheets. For the given heated plate temperature of 1000°C (T1) and an guessed temperature of 
the first stainless steel sheet under the heated plate (T2) the net heat flux is determined. The 
temperatures of the other stainless steel sheets are computed with equation (3.11) which is 
solved for each sheet’s temperature (here: T2) with the determined net heat flux and the 
temperature of the next upper sheet’s temperature (here: T1). Finally, this procedure com-
putes the temperature of the support part so that the guessed temperature of the first stainless 
steel sheet has to be iterated until the computed temperature of the cold support part matches 
the desired temperature of 25°C. The heat flux per area is 1.4 kW/m2 in case of radiation and 
588 kW/m2 in case of heat conduction demonstrating that the conducted heat flux is more 
than 420 times higher than the radiated heat flux. The actual temperature distribution of the 
sandwich construction lies between those two extreme cases as shown in Fig. 3-14 but is 
closer to the heat radiation curve. This is due to the fact that the fraction of clamped material 
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with heat conduction is small compared to the unclamped stainless steel sheets (Fig. 3-13 
right): Ac < Ar. 
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Fig. 3-14: Temperature distribution across the sandwich construction 
 
Due to the fact that steel starts to tarnish at higher temperatures the effect on the emis-
sion coefficient has been investigated. The emission coefficient as function of temperature is 
only documented for a few types of steel which indicate an increase to a value of 0.4 to 0.8 
due to oxidation.101 For the case described above an increase of the emission coefficient 
from a value of 0.1 to 0.4 raises the radiation heat flux by a factor of 4.8. As the steel oxida-
tion process depends on temperature as well as on the detailed steel composition, samples of 
the utilized stainless steel sheets (DIN 1.4301) have been heated to temperatures ranging 
from 250°C to 900°C in steps of 50°C. The emission coefficients of those different samples 
have been determined with the IR camera and a black body with an emissivity of one. The 
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ratio of measured intensities for the sample (S) and the black body (BB) determines the 
emissivity of the sample, if both are heated to the same temperature (eq. (3.12)). The emis-
sion coefficients evaluated do not exceed an emissivity of 0.1 for the entire temperature 
range under consideration even for the different temper colours which have been observed 
for the higher temperatures samples. This observation verifies the employed emission coef-
ficient for Fig. 3-14. These temper colours on the stainless steel sheets are visible even in the 
black-and-white image of a sandwich construction after the experiments (Fig. 3-15). The 
openings in the stainless steel sheets for the thermocouples open up a direct line of sight 
from the heated model wall and the furthest sandwich sheet (top sheet of Fig. 3-15) thus 
very strong heat radiation reaches the lowest sheet causing locally increased temperature 
levels as indicated by the temper colours. These observations demonstrate the effectiveness 
of heat radiation shielding by the sandwich construction, if not weakened for sensor installa-
tion.  
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Fig. 3-15: First and second ramp pressure transducer cooler with sandwich constructions after the 
experiments, (bottom view) 
 
The pressure transducer coolers provide the cold environment required by the pressure 
gauges (chapter 3.2.1). The coolers for the first ramp and the second ramp are shown in Fig. 
3-15 and consist of a brass body with the cooling channel and an aluminium casing. The 
3 Experimental testing and numerical simulation 69 
cooler’s body is clamped by the support parts whereby the clearances in the support parts 
prevent a contact between the casing and the support parts (Fig. 3-13, right) thus reducing 
the convective heat fluxes. The cooling water is supplied to the cooler’s body by the supply 
tube, flows through the cooling channel which follows the cooler’s outer contour (Fig. 3-16 
right) and is discharged by the discharge tube. The four side extensions or wings of the 
cooler allow pressure measurements in lateral direction which also constitutes an improve-
ment of the model measuring technique. 
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Fig. 3-16: Pressure transducer cooler installation (left) and first ramp pressure transducer cooler with 
cooling channel path (white dashed line) (right) 
 
The internal features of the cooler and the installation of the pressure transducers are 
shown in Fig. 3-16 on the left. The pressure sensors are mounted in the cooler’s body and 
pressure tubes are utilized to connect the transducers with the model surface. The sectional 
view further shows the ripped cooling channel to increase the heat exchange between cooler 
and coolant. In between the pressure transducers the thermocouples are mounted close to the 
centre line of the intake model (Fig. 3-4) so that the openings in the cooler (Fig. 3-16 right) 
mark the thermocouple positions. These openings cause a direct line of sight from the heated 
plates to the interior of the cooler’s casing and can lead to severe heating as shown by the 
temper colours in Fig. 3-15. To prevent this direct line of sight on the pressure transducers, 
each thermocouple is surrounded by a copper tube which is installed in the cooler’s casing 
and spans from the casings top to the cooler’s body.  
The active cooling system consists of five coolers being the first and second ramp 
cooler, a cooler for the isolator plates and one for the cowl plate as well as one for the pres-
sure transducers mounted in the pitot rake at the isolator exit (Fig. 2-27). To connect the 
coolers with the water supply and also to discharge cooling water after flowing through the 
cooler, tubes and hoses of different materials are employed. This allows to fulfill the differ-
ent requirements of burst strength, bending radii and hot temperature environment which 
change between the different locations within the model. This is for example the relatively 
tube
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hot region in the vicinity of the cooler with temperatures above 200°C thus prohibiting the 
use of plastic material.  
 The complete design of the sandwich construction and the pressure transducer cooler as 
well as their installation aimed to place the pressure transducer close to the flow wetted 
surface thus reducing the responds time of the pressure measurement chain. The responds 
time is mainly determined by the dynamic behaviour of the gas within the pressure tube 
connecting the transducer with the flow wetted surface. In the development of the model 
heating technique at the Shock Wave Laboratory Bleilebens9 designed this pressure tube 
connection and analysed its dynamic performance. He observed the weakest performance 
for the lowest wall pressure represented by tunnel condition I (chapter 3.1.2) and for the 
highest wall temperature. With respect to this worst case, Bleilebens detected that his instal-
lation with a connection length of 18 mm is close to the required dynamic performance limit 
which is defined by the pressure rise from vacuum to the wall pressure given by the flow 
field until the test time begins. For purposes of the underlying study, the tube length is de-
creased by 17 % to 15 mm while employing the same tube diameter (D = 0.68 mm) and 
material (stainless steel DIN 1.4301) as used by Bleilebens thus ensuring the required dy-
namic performance of the pressure measurement chain. With this enhanced technical ap-
proach a maximum temperature gradient of 875 K/cm between the cold pressure transducer 
and the heated plate of 1000 K occurs. 
3.3.3 Thermal expansion 
Thermal expansion of model parts – especially of the heated plates – have to be ac-
counted for in the model design since suppressed thermal extension causes high stresses and 
thereby can lead to severe damage, buckling and bending thus impacting the investigated 
aerodynamic geometry. Special care has to be taken with respect to the windows installed in 
the model side walls as glass is very sensitive to bending stresses. In the following the de-
sign concept enabling free thermal expansion is first explained for the sandwich construction 
being a good example for the treatment of local thermal expansion and afterwards for the 
ramp plate consisting of several plates which are welded together under the different angles 
given by the intake shape. Special thanks with regards to the welding go to Jens Holk of the 
Welding and Joining Institute of RWTH Aachen University for employing the vacuum 
electron beam welding and for his kind support in this matter. The said welding method 
inserts less heat compared to other welding methods so that the material distortion after the 
welding process is reduced. This welding technique together with other means allowed the 
production of  the ramp plate with the desired ramp angles being a complex weld part due to 
the heating wire grooves. 
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To describe the general idea of the free thermal expansion design concept, a stainless 
steel bar with a length of 100 mm is considered. This bar is fixed at one end and heated up 
by 1000°C so that the other non-fixed end expands by about 2 mm. A support part of the 
sandwich construction is connected to a heated plate with two screws (Fig. 3-13). If a tem-
perature increase of the heated plate by 1000 K and no temperature increase of the support 
part is considered the heated plate expands and with it the screws try to follow this expan-
sion being connected to the cold support part. To allow the deviation of the two screws, one 
screw is fixed in a countersink and the other screw slides in a slot hole in the support part 
(Fig. 3-13 (lower)). The slot holes in the support parts show that the expansion is allowed in 
streamwise, lateral and a combination of both directions (Fig. 3-13 (upper)). 
The expansion of the heated plates described above – especially the expansion concern-
ing the ramp plate consisting of the first and second ramp as well as the horizontal and 1 
degree opened isolator part – requires additional consideration with respect to the thermal 
expansion (Fig. 3-17). The left edge of the intake shoulder line represents the fix point of the 
complete ramps’ geometry so that for thermal expansion in lateral direction the right model 
wall is shifted sidewards (1) which is facilitated by the slot holes of the support parts. The 
expansion of the second ramp moves the kink of the first two ramps in the direction of the 
second ramp (2) which is possible due to the slot holes in the connection between the sup-
port parts and the carriers (3). These carriers link the support parts with the ground plate. 
The shift of the kink line requires that also the first ramp moves in the same direction of the 
second ramp which is achieved due to the fact that the carriers connecting the first ramp to 
the ground plate slide relatively to the ground plate. Therefore, the carriers are mounted on a 
chamfer of the ground plate whereby the chamfer is inclined with the same angle to the 
horizontal as the second ramp (4). The extension of the first ramp is facilitated by the rela-
tive shift of the first ramp plate to the respective support parts so that it can shift over the 
part forming the symmetry of the first ramp (5). This technique has also been utilized for the 
isolator plates so that all ramp angles of the heated plates are unchanged after the experi-
mental campaign. 
The thermal expansion has been measured for the second ramp of the intake model 
without side walls. Since for this model configuration the second ramp is completely visible 
in the schlieren image, the extension is measured due to comparison of the cold wall (TW = 
300 K) and a heated wall case of 900 K. For cold wall the second ramp length with 119.5 
mm is known and such length in pixel is 1728.2 so that one pixel in the image represents 
0.0688 mm. For a wall temperature of 900 K the second ramp length increases to 1745.3 
pixel representing a length increase of 1.2 mm. For the material of the heated plates (DIN 
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1.4828) the thermal expansion coefficient with respect to a temperature increase from 20°C 
to 600°C in reference 99 is given to 18·10-6 1/K so that the theoretical length increase is 1.3 
mm. Due to light bending effects the edge of the second ramp is resolved with three pixels, 
the uncertainty of the length measurement with the schlieren optical setup is 0.2 mm thus the 
measurement and the theoretical value agree within the measurement accuracy. Hence, this 
theoretical value is also used to predict the shift of the model’s leading edge in horizontal (x-
direction) for the intake model with a wall temperature of 1000 K being 4.7 mm. This pre-
diction takes into account the extension of the second and the first ramp with respect to their 
inclination to the horizontal (Fig. 3-17).  
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Fig. 3-17: Thermal expansion strategy of the intake model 
3.4 Numerical flow simulation 
3.4.1 CFD software 
Numerical flow simulations have been performed using the commercial software pack-
age CFX. This solves the Navier Stokes equations and employs the finite volume method 
with a second order accurate scheme. The shear layer behaviour can be simulated as being 
laminar, transitional or turbulent. The turbulent shear layer behaviour is simulated with the 
SST turbulence model61 and the transitional shear layer behaviour with the Menter/Langtry 
model55,62 which is introduced briefly in chapter 3.4.3. For the grid generation the software 
ICEM has been employed as it allows one to produce high quality grids with hexahedral 
cells. 
3.4.2 Grid refinement and validation 
The CFD code CFX has been developed for the subsonic and the transonic flow regime 
so that it has to be validated for the supersonic and hypersonic regime due to the comparison 
3 Experimental testing and numerical simulation 73 
with several standard experiments and correlations of the hypersonic regime. The compari-
sons with the blast wave theory, shock stand-off correlations, the viscous interaction theory 
and for laminar SWBLIs are given in chapter 2 and further validation cases are presented in 
the diploma thesis of Peters.79 One of the basic validation cases is the laminar boundary 
layer of a hypersonic flat plate flow since it permits the comparison of the wall heat fluxes 
and skin friction coefficient distribution as well as velocity and temperature boundary layer 
profiles with the theoretical data.  
In addition to the validation of the CFD code also grid independency and convergence 
have to be shown for a correct numerical solution. As a representative example the simula-
tion of a laminar SWBLI is employed which also allows one to show the lessons learned 
regarding the numerical simulation of SWBLIs. This simulation requires the correct simula-
tion of the laminar boundary layer. Consequently, the obtained skin friction coefficient or 
Stanton number distributions upstream of the interaction must agree with the analytical 
solution by Van Driest.103 If the grid is refined in the area of the interaction, the separation 
size converges to a certain limit being the laminar separation size. In the numerical solution 
this size is computed from the distance between the separation and reattachment point de-
fined by the zero skin friction value. The convergence for the refined grid is demonstrated in 
Fig. 3-18 for the test case L which is a laminar SWBLI at a corner of a flat plate/ramp con-
figuration with a free stream Mach number of 6 by Lewis.56 The flat plate has a length LL of 
0.0635 m and the ramp is inclined by 10.25°. Besides the grid independency the solution 
must reach a steady state so that all residuals have decayed to levels smaller 10-5 and con-
vergence is reached. An even better indicator for converged SWBLI flow fields is that the 
separation size has converged to a steady level since the size increases rapidly during the 
first iteration steps and than converges slowly in the latter iteration steps. The solutions of 
the different mesh refinements underline that these solutions – with exception of  the coars-
est one – lead to the same separation length thus are grid independent. The numbers of grid 
points in the x and the y-direction is given for each refinement step. This also indicates that 
the grid converged solution is independent from refinement in the different directions of x 
and y.  
The above explanation might appear as an unnecessary excursion because Simeonides et 
al.94 already stated in 1994 that CFD codes perform well for fully laminar SWBLIs. There-
fore, it might be sufficient to report that the obtained numerical simulations are grid inde-
pendent and have converged. Unfortunately, most SWBLI experiments are not completely 
laminar so that the observed separation length is decreased due to the appearing transition 
(chapter 2.4.1). Earlier attempts with limited computational power lacked to show grid 
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convergence to the last extent so that the coarse grid (Fig. 3-18) simulates the effect of 
transition. This compensation effect permits the reproduction of the pressure distribution of 
transitional SWBLI to some extent, but due to the transition the turbulent heat fluxes down-
stream of reattachment is by definition not achievable with numerical simulations which 
features laminar boundary layer behaviour. The common approach for transitional interac-
tions is to activate turbulent boundary layer behaviour at reattachment so that the numeri-
cally obtained heat flux distribution is close to the one obtained in the experiment. As the 
reattachment point location is unknown without an experiment, this approach is limited for 
estimates of an unknown flow field. Moreover, the approach is limited to interactions in 
which transition takes place close to reattachment so that the transitional scaling effect on 
the separation length is weak (chapter 2.4.1). To address this transition effect in more detail, 
the novel transitional model by Langtry and Menter55,62 is employed which is introduced in 
chapter 3.4.3. The numerical results obtained are presented in chapter 4.4.4 and give a good 
inside in this transitional scaling effect. 
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Fig. 3-18: Grid refinement influence on the separation length of a SWBLI, case L 
 
3.4.3 Menter/Langtry transition model 
This subchapter gives a brief introduction to understand the working principle of the 
transition model developed by Menter and Langtry and to interpret the numerical results 
obtained (chapter 4.4.4). A comprehensive study and analysis of this transition model has 
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been performed in the diploma thesis of Akih Kumgeh.1 The transition model of Langtry 
and Menter55,62 simulates the transition process described in chapter 2.2.3, but does not 
attempt to represent the physical nature of the process. The transition model solves two 
additional transport equations and is performed in three steps (Fig. 3-19). In the first step 
after an iteration step of the Reynolds averaged Navier Stokes (RANS) equations the critical 
Reynolds number ReC is determined in each cell with the local flow conditions whereby 
this Reynolds number defines the transition onset. In the second step the intermittency 
 
controlling the transition length is computed which describes the part of the boundary layer 
being turbulent thus an intermittency of 0.8 states that the boundary layer is to 80% turbu-
lent. At transition onset the intermittency is zero and increases during the transition process 
to the turbulent value of 1. Outside the boundary layer the intermittency is defined as 1 to 
consider flow history effects. One example for these flow history effects is the cascade of 
two turbine blades in which the transition process of the downstream blade is affected by the 
wake of the upstream blade. In the third step, the evaluated intermittency impacts the SST 
turbulence model to blend from a laminar to a turbulent solution so that upstream of transi-
tion onset the simulation with transitional and laminar boundary layer agree.  
  
0   RANS 
2  Intermittency 
 

 = f (Conv., Diff., Prod., Destr.)
1   Critical Reynolds ReC 
 a) Ret = f (RANS) 
 b) Ret* equation: 
Re t*= f (Conv., Diff., Prod.)
3  Turbulence model
 
Fig. 3-19: Coupling of the transition model with the RANS solver and the turbulence model 
 
As mentioned above, the first step evaluates the critical Reynolds number ReC to deter-
mine transition onset. Therefore, the transition onset Reynolds number Ret and the trans-
ported transition Reynolds number Ret* have to be computed. The transition onset Reynolds 
number Ret is based on an empirical correlation taking into account the local flow condi-
tions provided by the RANS solver, the local turbulence level and other local flow condi-
tions like e.g. pressure gradient and local flow acceleration. In order to account for flow 
history effects on transition onset, the transported transition onset Reynolds number Ret* is 
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evaluated with a transport equation which consists of a convection, a diffusion and a produc-
tion term. The convection term accounts for the flow history effects so that the “flow his-
tory” is transported along the streamlines outside the boundary layer and the diffusion term 
spreads this information into the boundary layer which is realized by blending function. The 
production term is employed to match the “convected” or transported transition onset Rey-
nolds number Ret* to the empirical one so that the “flow history” decays with distance to its 
origin. The transported transition Reynolds number Ret*  finally obtained is employed to 
determine the critical Reynolds number ReC which is used in the transition onset criterion 
being a function of the local flow conditions, the flow history and an empirical correlation. 
During the second step a second transport equation for the intermittency is solved which 
consists of a convection, a diffusion, a production and a destruction term. The convection 
and the diffusion terms transport the scalar intermittency information which is altered by the 
production and the destruction terms. The latter decreases e.g. the free stream’s intermit-
tency from one to zero at the leading edge of a flat plate to represent the initial laminar 
boundary layer. The destruction term also allows the relaminarization of a turbulent bound-
ary layer e.g. due to strong negative pressure gradients occurring at the intake shoulder 
(chapter 2.2.3). On the other hand the production term increases the intermittency, if the 
transition onset criterion is met until the turbulent boundary layer state is reached. Finally, 
the intermittency is further modified for separated flows so that this influence is also consid-
ered in the model. 
The transition onset criterion is a key feature of the transition model as it employs only 
local variables thus allowing parallel computing which is not possible with other transition 
prediction methods like e.g. the eN method.1,81 The transition onset criterion states that the 
critical Reynolds number ReC has to be equal to the Reynolds number Re determined with 
the local boundary layer momentum thickness  as reference length. The determination of 
the momentum thickness would require non-local variables as the momentum thickness has 
to be evaluated by an integration through several cells. Therefore, for the derivation of the 
transition model it has been assumed that the momentum thickness Reynolds number Re 
could be determined with the maximum vorticity Reynolds number Re,max which employs 
only the local variables density, viscosity, the wall distance y and the velocity gradient u/y 
(eq. (3.13)). The validity of this assumption has been shown for the Blasius profile of a 
laminar flat plate boundary layer and is presented for hypersonic flow conditions in Fig. 
3-20 which displays the maximum vorticity Reynolds number for a hypersonic flat plat flow 
at Mach 7.5. The good correspondence underlines the assumption holds true also for the 
hypersonic case. 
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Due to the fact that this transition simulation requires two additional variables to be 
solved, the total number of equations per cell increases to nine for a simulation with transi-
tional boundary layer behaviour. Compared to the five equations required for laminar 
boundary layer behaviour, the required computational resources are increased leading to the 
use of the mesh splitting technique. 
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Fig. 3-20: Reynolds number based on the momentum thickness and the maximum vorticity Reynolds 
number along a hypersonic flat plate flow, Ma = 7.5, Re = 1·107 1/m 
 
3.4.4 Mesh splitting technique 
The mesh splitting technique separates the computational domain into two domains – an 
upstream and a downstream part. For example in case of the double ramp configuration the 
first ramp’s flow field is determined first. The outflow of this flow field serves then as in-
flow profile for the second ramp’s flow field. This example explains the general procedure, 
but the results obtained with mesh splitting technique only agree with the results of an entire 
flow field simulation, if the flow field is splitted at a position without upstream effects. In 
the above example the split line violates this constraint since it would be located in the 
SWBLI of the compression ramps’ kink. Therefore, the simulation of the first ramp only 
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does not determine any upstream effect since no pressure rise due to the second ramp exists. 
For a split line upstream of the SWBLI the mentioned constraint is not violated so that a 
flow field without upstream effect is computed including e.g. the first ramp shock and the 
boundary layer. These are important informations employed as inlet condition for the simu-
lation of the downstream part which determines the flow field with the compression corner 
and the corresponding SWBLI. This technique has been validated for a SWBLI test case by 
comparing a simulation of the entire flow field and a simulation employing the mesh split-
ting technique whereby the split line is located upstream of the interaction (s/L = -0.5). The 
comparison of the Stanton number distributions for the double ramp configuration is given 
in Fig. 3-21 and shows good agreement.  
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Fig. 3-21: Stanton number distributions of the double ramp configuration for the whole domain and 
with the mesh splitting technique 
 
The mesh splitting is required as the largest grids contain about one million cells. As the 
simulations with transitional boundary layer require to solve nine equations per cell for each 
iteration, these computations could not be handled with a simple personal computer. More-
over, the mesh splitting technique has been mainly required for the blunt leading edge test 
cases. These require fine grids to resolve on the one hand the boundary and entropy layer 
development as well as on the other hand the SWBLI properly. Therefore, the meshes up-
stream and downstream of the split line could be refined at the area of interest to obtain 
converged and grid independent solutions.  
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4 Results and Discussion 
In this chapter the achieved analytical, experimental and numerical results, which 
mainly concern the SWBLI at the kink of the compression corner, are presented. The deriva-
tion of the analytically based model describing the SWBLI is given first since it allows one 
with some limitations to predict the separation size. The validation of the analytically based 
model and the development of a novel incipient separation correlation round off this intro-
duction. The analytically based model is employed to interpret the various influences on the 
SWBLI observed by experimental and numerical means thus giving a more detailed insight 
into the underlying flow physics. The experiments with the double ramp model and the 
corresponding numerical simulations cover the influences of the two-dimensional interac-
tion whereas the observations with respect to the intake model address the three-dimensional 
interaction. 
The comparison of the experimental and numerical schlieren image for a leading edge 
radius of 0.5 mm and an elevated wall temperature of 760 K is given in Fig. 4-1. The main 
features of the SWBLI like the separation and upstream extend of the reattachment shock as 
well as the separated shear layer are in good agreement. Due to this agreement the numerical 
solution allows one to gather further information about the flow field and the underlying 
physics as well as to visualize special features like the separation bubble due to the dis-
played streamlines. 
 
10 mm 
 
Fig. 4-1: Experimental and numerical schlieren image, Ma = 8.1, TW = 760 K, R = 0.5 mm 
4.1 Derivation of an analytically based model for the SWBLI separation length 
A simple analytically based model of SWBLI has been derived which permits one to 
explain the changes of the separation length for various influencing parameters and with 
some restrictions to predict these changes. These parameters are the Mach number, the 
Reynolds number, the wall temperature, the leading edge bluntness, the ramp angle and the 
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laminar, transitional or turbulent state of the shear layer. For the derivation, the flow field of 
a SWBLI due to an impinging shock wave on a boundary layer of a supersonic flat plate 
flow is shown schematically in Fig. 4-2. This figure also displays the separation of the 
boundary layer with corresponding separation and reattachment shock. The approach for the 
analytically based model utilizes the momentum equation in streamwise direction. The 
applied control area is marked by the dashed line enclosing the upstream interaction region 
and the separated shear layer. Upstream of the interaction the undistorted flow field is lo-
cated in region I. In region UI the undistorted boundary layer is decelerated to the distorted 
profile at the separation point. Region II is located between the separation and the reattach-
ment point and region III downstream of the reattachment shock. The upper boundary of the 
control area is a streamline which would pass through the sonic point of the undisturbed 
boundary layer at a height h. Thus, there is no mass flux across this boundary and the dis-
tance h between the upper boundary and the wall decreases from region I to III whereby this 
decrease is neglected being further discussed later. For the pressure distribution along the 
wall a stepwise pressure increase from the value upstream of the interaction pI to the plateau 
pressure pII and the pressure pIII downstream of the reattachment shock is assumed (Fig. 
4-2). The pressure increase from region I to II is located in region UI and the pressure at the 
upper edge of the shear layer is equal to the plateau pressure of the SWBLI along the wall.  
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Fig. 4-2: Sketch of a shock wave/boundary layer interaction with wall pressure distribution 
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For the given assumptions the momentum equation in streamwise direction (eq. (4.1)) 
considers only the momentum fluxes II and IIII entering and leaving the control area through 
the vertical control planes, the pressures acting at these planes (pI and pIII) as well as the 
shear forces acting at the boundaries of the upstream interaction region (not shown in Fig. 
4-2) and at the boundaries of region II. 
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The height h of the vertical control planes is assumed to be constant thus the control 
area’s impulse fluxes II and IIII as well as pressures pI and pIII are averaged over this height. 
The differences in the shear forces on the upper and lower side of the control areas LUI and 
LB are the mean of the respective side lengths which leads to the simplified equation (4.2). 
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This equation allows one to express the separation length LB with equation (4.3) which 
follows from equation (4.2). In the following an evaluation method for each variable in 
equation (4.3) will be given and the analytically based model will be compared to the CFD 
solution of SWBLIs later. 
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The height h is assumed to be the height of the sonic line of the undisturbed boundary 
layer at the separation point because a pressure wave – e.g. due to the upstream effect of a 
SWBLI – can only propagate upstream in the subsonic part of the flow. This height is also 
obtained from the boundary layer solution (eq. (2.8)). 
The impulse leaving the control area IIII is assumed to be small compared to the other 
terms in equation (4.3). This is due to the fact that the upper edge of the control area is a 
streamline so that the mass conservation yields IuI = IIIuIII. Therefore, the impulse ratio 
reduces to IIIuIII2/IuI2 = uIII/uI. This velocity ratio is small since the undisturbed velocity 
profile at x = -LUI is taken into account for velocity of the entering fluid uI and the disturbed 
velocity profile at reattachment (x = xRea) for the velocity of the leaving fluid uIII. At the 
reattachment position the velocity and the velocity gradient at the wall are zero and with it 
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the average is reduced compared to the undisturbed profile entering the control area (Fig. 
4-3). Moreover, the velocity at the shear layer edge of position III compared to position I is 
reduced due to the separation and reattachment shock thus it yields for the velocity ratio: 
uIII/uI << 1. Consequently, the average leaving impulse IIII is neglected thus the neglect of 
the control area’s height decrease from region I to III is applicable for the impulse term.   
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Fig. 4-3: Schematic sketch of the velocity and impulse profile at reattachment with indicated sonic 
height 
 
To estimate the shear force of the upstream interaction region UILUI, the entering im-
pulse II and the upstream pressure pI, the case of incipient separation (LB = 0 mm) is consid-
ered (eq. (4.4)). In this case the pressure pIII at the reattachment position of an infinitely 
small separation bubble is characterized by the incipient separation pressure pinc (chapter 
2.4.2). For incipient separation it holds: 
 h
LpIppL UIUIIIincIIIB -		4 0  (4.4) 
Replacing the sum of the momentum flux II, the pressure pI and the term UILUI/h for 
the case of incipient separation by the incipient pressure pinc, finally leads to a general ex-
pression for the length of the separation bubble (eq. (4.5)). As for the existing models (chap-
ter 2.4.2), the size of the separation bubble is directly proportional to the driving pressure 
difference between the pressure at reattachment and the incipient pressure. If the control 
area’s height decrease from region I to region III would have been considered, an additional 
term (hIII-hI)/hI·pIII would occur on the right hand side of equation (4.4) and would therefore 
with further transformation be included within the incipient pressure so that the neglection is 
reasonable. It is worth noting that equation (4.5) is valid for laminar and turbulent flow. 
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The average difference  between the shear stress on the upper Up and the lower Lo 
edge of region II is estimated in the following. It is stressed that the outer edge of the shear 
layer is defined by du/dy  0 and that the shear layer consists of a subsonic and a supersonic 
part whereas the sonic line represents the upper edge of the control area (Fig. 4-4). For the 
shear stress on the upper edge of the control area it is assumed that the corresponding shear 
stress Up is totally unaffected by the upstream influence of the SWBLI. Hence, it remains 
constant along the separation bubble and is not a function of coordinate s. It is further as-
sumed that the change of the outer inviscid flow has negligible influence on the upper shear 
stress. Due to these assumptions the upper shear stress is similar to the shear stress acting in 
an undisturbed boundary layer at the separation position and in the height of the sonic line: 
Up  (xSep,y = h)undist.b.l.. According to the Van Driest solution the shear stress across the 
subsonic part of the boundary layer is nearly constant due to the nearly linear velocity pro-
file close to the wall. Therefore finally, the upper shear stress is approximated by the wall 
shear stress of the undisturbed boundary layer at separation (eq.(4.6)). Of course, this is only 
a rough model so that this model is compared to the numerical results of the flow field in 
chapter 4.2. 
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Fig. 4-4: Qualitative velocity and shear stress distributions along the shear layer lower edge 
 
To find an expression for the shear stress Lo of the lower side along the separated shear 
layer, the shear stress along the lower edge of the shear layer is investigated. Due to the 
stagnation points at separation and reattachment the shear stress at these points is zero: Lo(s 
= 0) = Lo(s = LB) = 0 because of the vanishing skin friction at these points. The velocity of 
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the corresponding streamline – connecting the separation and the reattachment point – has 
first to increase and then to decrease. For sake of simplicity a linear velocity profile with a 
maximum at s/LB = 0.5 is assumed (Fig. 4-4). From force balance considerations this veloc-
ity change must be accompanied by a similar shear stress change because the pressure in 
region II is constant and the momentum fluxes at the separation and reattachment point are 
zero. 
To determine the maximum shear stress along the streamline at the lower edge of the 
separated shear layer, a force balance of the subsonic shear layer in the vicinity of the sepa-
ration bubble’s symmetry plane (s = 0.5·LB) is applied (Fig. 4-4). The entering and leaving 
momentum fluxes are estimated as being similar due to the identical velocity at the lower 
control area’s boundary: Iin  Iout and the nearly constant velocity at the upper boundary. 
Thus the resulting momentum flux is negligible as well as the pressure influence because of 
the constant plateau pressure in region II. This postulates that at this position the shear 
stresses at the upper and the lower edges of the shear layer must be similar: Lo,max = Lo(s = 
0.5LB)  Up. The resulting approximated linear behaviour of the lower shear stress shown in 
Fig. 4-4 is described in equation (4.7). 
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Finally, the difference  of the mean shear stress of the subsonic shear layer along the 
separation bubble in equation (4.5) is obtained by integration along the separated shear layer 
(eq. (4.8)) which is half of the shear stress at separation of the undisturbed boundary layer 
Sep. For the shear stress replaced by the skin friction coefficient cf,Sep= f,Sep/(0.5
pIMaI2) 
and the use of equations for the skin friction factor (eq. (2.9)) and for the sonic height factor 
(eq. (2.6)), the separation length is given in equation (4.9) following from equation (4.5). 
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4.2 Validation and application of the analytically based model 
To identify the validity of the analytically based model, it is compared with case H 
which is presented in Fig. 2-19 and whose general features are introduced in chapter 2.4.1. 
The analytically based model estimates a separation length of 0.690 m thus – compared to 
the separation length of 0.216 m obtained experimentally and numerically – overstates the 
separation length by a factor of 3.3. Due to the fact that Katzer’s correlation for incipient 
separation and the correlations of Holden and Stollery disagree (Fig. 2-20), the incipient 
separation is investigated more detailed in chapter 4.3 with the outcome of a new correlation 
for incipient separation (eq. (4.14) to (4.16)). The estimated separation length employing the 
new incipient separation correlation is 0.367 m thus still over stating the separation length 
by a factor of 1.7. 
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Fig. 4-5: Shear stress along the lower and the upper boundary of the control area from numerical 
simulation 
 
To verify the next assumption being the shear stress difference along the control area’s 
boundaries , the control area is applied to case H (Fig. 4-5). The lower boundary connects 
the separation and the reattachment point and the upper boundary is parallel to the lower 
boundary with a distance of the sonic height. The shear stress along these boundaries is 
given in Fig. 4-5. The shear stress at the separation and reattachment position is zero, but the 
distribution is not fully symmetric as sketched in Fig. 4-4. Also, the maximum shear stress 
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of 5.4 Pa is higher than the estimated shear stress of the undisturbed boundary layer at sepa-
ration of 3.3 Pa (eq. 4.6). For the shear stress along the upper boundary Up the most up-
stream value agrees very well with the shear stress of the undisturbed boundary layer of 3.3 
Pa (eq. 4.6), but the shear stress along the upper boundary increases and the maximum shear 
stress is located closer to the reattachment point. This explains the increased maximum shear 
stress along the lower boundary layer Lo,max and the shift of the maximum’s locus towards 
reattachment. Finally, since the shear stresses on the lower and upper boundary have a simi-
lar slope, the difference of the shear stresses remains nearly constant along the separation 
bubble. Hence, the shear stress difference in equation (4.5) can be roughly approximated by 
the shear stress of the undisturbed boundary layer at separation and not by the half of this 
shear stress as in equation (4.8). Concluding, this would provoke a correction factor of 0.5 
for the analytically based model. 
To better predict the influence of the Mach number, ramp angle, etc. on the separation 
length with the analytically based model a correction factor N should be calibrated with a 
known SWBLI length (eq. (4.10)). For case H this factor N is 0.56 being close to the factor 
of 0.5 deduced from the previous discussion of Fig. 4-5. The comparison of the separation 
length obtained by the analytically based model and the CFD simulation for a ramp angle 
variation from the initial 15° to 11° indicates good agreement (Fig. 4-6). The separation 
length of the numerical solution is defined by the distance between separation and reattach-
ment point being the most upstream and downstream positions of the interaction with cf = 0. 
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Fig. 4-6: Separation length of case H for ramp angles of 11° to 15° 
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 (4.10) 
In the following, the application of the model for a separation length prediction is de-
scribed as this application is not straight forward. Moreover, the derived equation has a 
similar form as the correlation of Bleilebens and Olivier10 which has been disregarded for 
separation length prediction e.g. by Edelmann et al.23 since to their opinion it is not applica-
ble in an engineering design process. This is not the case, but the application requires an 
iterative process so that the separation length determination of a SWBLI at a compression 
process is explained. In the first step the separation position has to be guessed so that for this 
position the skin friction coefficient has to be determined. In the second step this coefficient 
is used to compute the incipient pressure and the plateau pressure. The plateau pressure 
together with the upstream pressure and the upstream Mach number define the oblique 
separation shock and thereby the deflection of the shear layer at separation. This deflection 
and the separation point define a line which intersects with the second ramp at the reattach-
ment point. This reattachment point and the separation point determine the so-called geo-
metrical separation length. In the third step the correlation of the separation length with 
equation (4.10) is evaluated. In the fourth step the geometrical and the correlation separation 
length are compared which coincide for the correct separation position. Since the initial 
guess is likely to be located upstream or downstream of the true separation position, the 
separation position has to be adjusted so that both separation lengths coincide. If the separa-
tion position is guessed to lie further downstream, the evaluated skin friction coefficient is 
reduced according to the boundary layer theory. Further, this leads to a reduction of the 
plateau and the incipient pressure whereas the first leads to a decreased geometrical separa-
tion length and the latter to an increased correlation separation length. After a few iterations 
both separation lengths agree. Therewith, the evaluated separation length is independent 
from the separation position guessed initially. 
The general application of the correlation for separation length prediction is currently 
limited to laminar SWBLIs because this prediction requires e.g. a reliable correlation for 
incipient separation which does not exist for turbulent boundary layers (chapter 2.4.2 and 
4.4.3). This and further shortcomings are discussed for the different influence parameters on 
the separation length in the following. To put in a nutshell, the analytically based model is 
able to interpret the physical nature of these influence parameters and to predict some spe-
cial cases. Furthermore, any shortcoming of the model could be traced back to the model’s 
derivation process thus allowing one to improve the derivation and with it the model’s 
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value. This has been shown above for case H and lead to the adaption of the factor N. In this 
context the ability of the model to predict turbulent interaction can e.g. be extended by 
incorporating a novel reliable correlation for turbulent incipient separation.  
4.3 Laminar incipient separation process 
To analyse the incipient separation process, the flow over a flat plate/ramp configuration 
is simulated with different ramp angles.100 Starting with a ramp angle of 0° the ramp angle is 
increased until a small separation bubble occurred. Further simulations with even larger 
ramp angles delivered several pairs of separation length and corresponding ramp angle. 
These pairs obtained by the simulations are used to extrapolate to a separation length of zero 
being the incipient separation angle. With regard to this extrapolation it is important to note 
that the employed ramp angles must be only slightly larger than the incipient separation 
ramp angle.100 The results of the numerical simulations are obtained for a Mach number 
range of 1.5 to 15, unit Reynolds numbers of 106 to 107 and wall-to-free-stream-temperature 
ratios of 1.35 to 2.7. The comparison of these results and the incipient separation correla-
tions, which are introduced in chapter 2.4.2, are shown in Fig. 4-7. The achieved results 
agree with the other correlations in the flow regimes, where these correlations have been 
obtained (grey boxes). This is discussed in more detail later. The effect of wall temperature 
on the incipient separation angle is impressive for higher Mach numbers so that e.g. for a 
Mach number of 10 the incipient separation angle is 7° for the adiabatic case instead of 11° 
for the cold wall case. 
For further use the obtained incipient separation angles or corresponding incipient sepa-
ration pressure ratios have been correlated. For this purpose the separation process is ana-
lysed very comprehensively which allows one to derive a correlation being based on the 
physical behaviour instead of being only the result of a pure data fitting. The analysis first 
considers a well separated SWBLI as sketched in Fig. 4-8. For simplicity a tailored SWBLI 
is employed as defined by Simeonides:92 A tailored SWBLI produces the same pressure rise 
due to the separation and the reattachment shock as due to the inviscid shock emanating 
from the triple point, i.e. no further pressure wave in region III is generated by the shock 
interaction. For this tailored SWBLI the so-called pressure condition (eq. 4.11) could be 
deduced. To investigate the case of incipient separation, the separation size (Fig. 4-8) is 
decreased by reducing the ramp angle until it approaches zero. For a separation size slightly 
larger than zero a separation and a reattachment shock exist thus it is assumed that the in-
cipient separation process also consists of a separation and a reattachment process. Both 
processes are treated separately, but together they have to fulfil the pressure condition due to 
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the assumed tailored SWBLI. Therefore, the incipient separation pressure ratio is described 
with equation (4.12) under consideration of pIII = pinc. 
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Fig. 4-7: Incipient laminar separation angles for different Mach numbers, ReL = 0.2·106, TW/TI = 1.36, 
TI = 221 K 
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Fig. 4-8: Sketch of well separated, tailored SWBLI 
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The separation process is well described by the free interaction theory (chapter 2.4.2) 
which determines for a known separation point the separation pressure ratio (psep/pI)FIT with 
equation (2.36). The validity of the free interaction theory has been verified numerically for 
a flat plate/ramp configuration with a ramp angle of 11.5° for a Mach number range from 3 
to 16 and a unit Reynolds numbers between 106 1/m and 107 1/m (Fig. 4-9). The deviation 
of the separation pressure ratio between the numerical solution and the free interaction 
theory for wall temperatures ranging from 300 K to 1300 K is less than 5% as shown in 
reference 100.  
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Fig. 4-9: Verification of the separation pressure prediction by the free interaction theory (eq. (2.34)) for 
a cold wall (TW = 300 K) as function of unit Reynolds number (left) and Mach number (right) 
 
For the reattachment process analysis it should be recalled that the inviscid pressure ra-
tio pIII/pI is given by the ramp angle and the upstream Mach number MaI thus in case of 
incipient separation it holds: pIII = pinc. With the inviscid pressure ratio pIII/pI (chapter 2.1), 
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the pressure condition (eq. 4.11) and the separation pressure ratio (psep/pI)FIT the reattach-
ment pressure ratio pinc/psep is known (eq. 4.13). The comparison of this theoretically deter-
mined tailored reattachment pressure ratio (pinc/psep)tailored and the one obtained by numerical 
simulations for a wall temperature of 300 K is given in Fig. 4-10. This shows fair agreement 
for the whole Mach number range and good agreement for Mach numbers smaller than 10. 
Therefore, the tailored condition seems to be a reasonable assumption and could be treated 
as requirement for incipient separation, but under this assumption the incipient separation 
angle is slightly overstated for higher Mach numbers.  
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Fig. 4-10: Reattachment pressure ratios at incipient separation as function of Mach number, ReI = 
4.82·106 1/m, TI = 221 K  
 
As mentioned in the beginning of the incipient separation discussion, a correlation for 
the incipient separation pressure ratio is looked for. Due to the findings above the incipient 
separation pressure (eq. (4.14)) is expressed by the product of the separation pressure ratio 
(eq. (4.15)) and the reattachment pressure ratio (eq. (4.16)). Since the theoretically deter-
mined reattachment pressure ratio pinc/psep (eq. 4.13) for the higher Mach number regime 
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agrees only to some extent with the numerically obtained reattachment pressure ratios (Fig. 
4-10), these numerically obtained ratios are better approximated by a third order Mach 
number term. This curve fit of the CFD data (eq. (4.16)) approximates the reattachment 
pressure ratio better than the theoretical correlation of equation (4.13). This is due to the fact 
that the theoretical correlation uses a quadratic Mach number term according to the pressure 
ratio obtained by the inviscid shock relation (eq. (2.2)). Further investigations showed that 
the reattachment pressure ratio is independent of the Reynolds number100 so that the Rey-
nolds number influence on incipient separation is completely covered by the separation 
pressure ratio given by the free interaction theory (eq. (2.36)). Moreover, an effect of the 
wall to free stream temperature ratio has been observed being represented by a temperature 
ratio and the Chapman-Rubesin constant (Fig. 4-10) thus the reattachment pressure ratio is 
given in equation (4.16) which is used to determine the incipient separation pressure ratio in 
equation (4.14). This model for the incipient separation pressure ratio agrees with the nu-
merically obtained incipient separation pressure ratios so that the numerical incipient separa-
tion angles shown in Fig. 4-7 represent also this model for the incipient separation (eq. 
(4.14)). Since the reattachment pressure ratio has been investigated for the same free stream 
conditions as the separation pressure ratio, the derived equation for the incipient separation 
pressure ratio is valid for Mach numbers 3 to 16, unit Reynolds numbers between 106 1/m 
and 107 1/m as well as the wall-to-free-stream-temperature ratios TW/Te of 1.35 to 2.7. Fi-
nally, three test cases have been used to verify the correlation. These test cases are charac-
terized by different combinations of free stream conditions and wall temperatures than 
employed for the derivation of the correlation. The comparison to the corresponding CFD 
computations is very good (Tab. 4.1). 
 
I
sep
sep
inc
I
inc
p
p
p
p
p
p
  (4.14) 
     25.025.00,2 1281.05.01 	 IfI
I
sep MacMa
p
p

  (4.15) 
 CMa
T
T
p
p
e
w
sep
inc 













	  34 29.710685.51  (4.16) 
This understanding about the incipient separation process allows one to analyse the in-
cipient separation correlations given in chapter 2.4.2. Rizetta’s, Edelmann’s, Katzer’s and 
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Greber’s correlations also utilize the separation pressure ratio (psep/pI)FIT but assume a con-
stant factor FRea (eq. (4.17)) for the reattachment pressure ratio pinc/psep being 1.57 by Rizet-
ta,83 1.7 by Edelmann,23 1.85 by Katzer47 and 2 by Gerber.28 However, Fig. 4-11 demon-
strates that this assumption is not valid and that the reattachment pressure ratio pinc/psep even 
increases more rapidly than the separation pressure ratio pSep/pI with Mach number. This 
explains the deviation of these correlations for the higher Mach numbers shown in Fig. 4-7. 
 
Tab. 4.1: Verification of the incipient separation correlation 
 
 MaI [-] ReI [1/m] Tw [K] TI [K] 
pinc/pI [-] 
(Correlation) 
	inc [°]  
(Correlation) 
	inc [°] 
(CFD) 
Test 1 7 6·106 400 250 2.72 6.45 6.5 
Test 2 7 6·106 560 350 2.68 6.55 6.6 
Test 3 10 6·106 400 250 6.55 9.50 9.2 
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Fig. 4-11: Numerically determined separation, reattachment and incipient pressure ratio of equations 
(4.14) to (4.16) for different Mach numbers, ReI = 4.82·106 1/m  
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The correlation of Needham69 (eq. (2.39)) has been developed with respect to experi-
mental data of various investigations ranging from Mach numbers of 7.4 to 16, total tem-
peratures of 670 K to 3200 K, wall temperature ratios of 3 to 9.7 and Reynolds numbers of 
0.3·106 to 3.3·106. In Fig. 4-7 the fair agreement of Needham’s correlation and the new 
incipient correlation with isothermal wall condition (eq. (4.14) to (4.16)) is shown within the 
Mach number regime covered by Needham’s test cases. The maximum offset of 2° between 
the two correlations in this Mach number regime might be caused by measurement uncer-
tainties as the incipient separation angle is hard to detect.42 
The correlation of Holden40 (eq. (2.40)) expects higher incipient separation angles com-
pared to the correlation of Needham as shown in Fig. 2-20 and Fig. 4-7. Since Holden’s 
correlation is derived for experiments at Mach numbers ranging from 14 to 20, total tem-
peratures of 2900 K and 6000 K and Reynolds numbers of 0.024·106 to 0.17·106, the inves-
tigated incipient separations are located in the weak and strong viscous interaction flow 
regimes (1 <  < 30) and are therefore affected by the induced pressure gradient due to the 
boundary layer displacement effect (chapter 2.2.4). As the CFD computations for Mach 
number of 15 have been performed with a similar viscous interaction parameter, the compu-
tations and with it the new incipient separation correlation agree with the results of Holden 
in the range of free stream conditions Holden used for his experiments. 
Finally, decreasing wall temperatures lead to an increase of the incipient separation 
pressure and therewith to an increased incipient separation angle as reported by Delery18 and 
in the novel incipient separation correlation (eq. (4.14) to (4.16)). Thus the wall temperature 
effect is not represented correctly by the correlation of Holden. 
4.4 Two-dimensional shock wave/boundary layer interaction 
4.4.1 Reynolds number influence  
The increase of the Reynolds number enlarges the separation size for laminar 
SWBLI.11,56 The experimentally und numerically determined pressure distributions of case 
L (Ref. 56) are given in Fig. 4-12. The free stream Mach number has been 6 and the Rey-
nolds number with respect to length of the flat plate LL has been varied from 0.15·106 to 
0.5·106.  
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Fig. 4-12: Reynolds number effect of a laminar SWBLI: Experiment56 and CFD, MaI = 6 
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Fig. 4-13: Separation length as function of Reynolds number, case L, MaI = 6 
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In the analytically based model derived for the separation length the Reynolds number 
has only influence on the incipient separation pressure (chapter 4.3). This pressure is a 
function of the skin friction coefficient and therewith depends on the Reynolds number (eq. 
(4.18)). An increased Reynolds number leads to a decreased skin friction coefficient in 
equation (4.15) due to the less full velocity boundary layer profile and finally to an increased 
separation length. Concluding, the Reynolds number has an influence on the effective pres-
sure Peff (eq. (4.18) to which the separation length is directly proportional but has no effect 
on the terms which scale the effective pressure to the resulting separation length. The com-
parison between the analytically based model with a factor N of 1.45 and the numerical 
solutions indicates good agreement (Fig. 4-13). 
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4.4.2 Mach number influence 
The separation length decreases with a Mach number increase which has been demon-
strated experimentally e.g. by Holden40. To understand the underlying physics this Mach 
number influence is discussed by means of the analytically based model. Since several terms 
in equation (4.10) are directly altered by a Mach number change, the Mach number influ-
ence is the most complex. For this analysis the boundary layer edge conditions of the double 
ramp configuration’s first ramp are used as reference case (MaI  6, ReI = 6.6·106 1/m, TI = 
190 K, TW = 300 K). The variation of the different terms of equation (4.10) with the varied 
Mach number for a constant Reynolds number, a constant wall-to-boundary-layer-edge-
temperature-ratio and a constant static pressure upstream of the interaction is shown in Fig. 
4-14 so that the boundary layer upstream of the interaction is only altered by the Mach 
number change as depicted e.g. for the skin friction coefficient in Fig. 2-6. 
For a SWBLI an increased upstream Mach number raises the downstream pressure pIII 
due to the increased shock strength, but the incipient separation pressure pinc also increases 
because of the Mach number dependence of the incipient pressure (Fig. 4-7) so that the 
outcome for the effective pressure ratio Peff is not obvious (eq. (4.19)). Figure 4-14 shows 
that the effective pressure ratio Peff increases for Mach numbers lower 11 and decreases for 
the higher Mach numbers. For the lower Mach number regime the effective pressure ratio’s 
increase as well as the decreased skin friction factor Ccf provoke an enlarged separation, but 
the influence of the decreasing sonic line’s height expressed by the sonic height factor Ch 
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and the quadratic influence of the Mach number in equation (4.19) are superior thus leading 
to the observed trend of a reduced separation length with increased Mach number for the 
lower Mach number regime. For the higher Mach number regime the increasing sonic height 
factor is outnumbered by the decreasing effective pressure ratio. This ratio decreases for 
higher Mach numbers towards the case of incipient separation, but the main influence is the 
Mach number squared term in the nominator so that the SWBLI vanishes for Mach numbers 
higher than 17 with respect to the chosen upstream flow parameter. 
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Fig. 4-14: Variation of the reference height factor, the skin friction factor, the effective pressure and the 
separation length with Mach number 
4.4.3 Influence of the boundary layer upstream of the interaction 
The influence of the boundary layer state is well known since laminar boundary layers 
are known to separate for smaller disturbances than turbulent boundary layers (chapter 
2.4.2). Consistently, laminar SWBLIs feature larger separation lengths than turbulent 
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SWBLIs.11 The comparison between the CFD solutions with laminar and turbulent boundary 
layer behaviour as well as the experimental results of the double ramp configuration (Fig. 
2-26, left) with the sharp leading edge and a wall temperature of 300 K at tunnel condition I 
is shown in Fig. 4-15. The separation (Sep.) and reattachment (Rea.) position obtained from 
the schlieren images are shown as vertical lines. The separation position of the schlieren 
image is defined by the intersection point of the shocks leading edge with the upper edge of 
the shear layer because the deflection caused by the separation triggers the shock. The reat-
tachment position is evaluated by the intersection of lower shear layer edge and the second 
ramp. The main difference between the two boundary layer states is the fuller velocity pro-
file of the turbulent boundary layer and with it the higher skin friction coefficient and 
Stanton number. The higher skin friction coefficient results in a larger incipient separation 
pressure reducing the effective pressure thus the turbulent incipient pressure is approxi-
mately five times higher than the laminar one.14 Obviously, besides the skin friction coeffi-
cient also the skin friction factor is increased. Due to the fuller velocity profile of the turbu-
lent boundary layer the reference height is reduced and with it the reference height factor Ch. 
This investigation explains the large separation length of laminar SWBLIs compared to 
turbulent SWBLIs (eq. (4.20)).  
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Fig. 4-15: Pressure distributions of laminar and turbulent SWBLI: Exp. and  CFD, Cond.I: MaI = 6, 
ReI,L = 1.1·106, ramp deflection 11.5°, dashed sep. and rea. positions from schlieren images 
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For this test case the correlations by Holden41 (eq. (2.41)) and Korkegi51 (eq. (2.42)) es-
timate a turbulent incipient pressure ratio of 15 and 6.1, respectively. These are larger than 
the inviscid pressure ratio of 4.3 thus predicting no separation which is in line with the 
numerical solution (Fig. 4-15). The comparison of the turbulent incipient pressure estimates 
with the laminar incipient separation being 3.5 for Holden’s correlation and 1.4 for 
Korkegi’s fit to the statement that laminar boundary layers are more likely to separate. In 
addition these comparisons reveal the discrepancy towards Curran’s stating that the turbu-
lent incipient separation pressure is five times higher than the laminar one. Nevertheless, the 
large variation between the two estimates of the turbulent incipient pressures exposes that 
turbulent incipient separation should be addressed in future research. 
4.4.4 Transitional interaction  
The CFD solutions of Fig. 4-15 represent pure laminar or pure turbulent shear layer be-
haviour whereby both computations do not agree with the experimental data. The compari-
son of the Stanton number distribution (Fig. 4-16) confirms this observation but also indi-
cates the heat flux due to a laminar boundary layer upstream of the interaction and due to a 
turbulent boundary layer downstream of reattachment so that the transitional behaviour of 
the SWBLI is clearly observed. This conclusion also agrees with the findings of Chapman11 
and Needham69 indicating that the separation size decreases if the SWBLI changes from a 
laminar to a turbulent one whereby the conversion is facilitated by the transitional interac-
tion. The effect of the Goertler vorticities on the Stanton number distributions has been 
introduced in chapter 2.5.1 and is discussed with respect to the IR images of the intake 
model within chapter 4.5. 
Due to these findings calculations with the transition model of Menter/Langtry55,62 have 
been performed. This model requires as inlet condition the turbulence intensity of the free 
stream which is unknown for the tunnel and test condition utilized. The variation of the 
turbulence intensity scales the separation size, as shown in Fig. 4-17 for a turbulence inten-
sity of 0.1% and 0.8%. The computation with the lower turbulence intensity of 0.1% shows 
good agreement with the separation size indicated by the pressure and the Stanton number 
distributions. This result of the low free stream turbulence intensity suits the experimental 
setup because the diverging free stream of the tunnel nozzle reduces the turbulence level due 
to the negative pressure gradient thus making a very low turbulence level reasonable. Due to 
the good agreement all further calculations of the double ramp have been performed with the 
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transitional shear layer behaviour and a turbulence intensity of 0.1%, if not marked other-
wise. 
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Fig. 4-16: Stanton number distributions of laminar and turbulent SWBLI: Exp. and  CFD, Cond. I:   
MaI = 6, ReI,L = 1.1·106, ramp deflection 11.5°, dashed separation (sep.) and reattachment (rea.) posi-
tions from schlieren images 
 
For a better understanding of the transition process the pressure (Fig. 4-18a) and inter-
mittency plot (Fig. 4-18b) are compared and the transition process analysis is introduced by 
interpretation of the intermittency plot. In this analysis the development of the transition 
process in streamwise direction, the comparison of the different free stream turbulence 
intensities (Fig. 4-18b and Fig. 4-18c) and the effect of these intensities on the flow field are 
described. As explained in chapter 3.4.3 the intermittency rates if the flow is laminar ( = 0), 
turbulent ( = 1) or the degree of the transition process’ completion (0 <  < 1). According to 
the Menter/Langtry transition model the free stream is defined as turbulent with turbulence 
level Tu = 0 in the limiting case. For the laminar boundary layer upstream of the separation 
shock the intermittency  is mainly 0 with a change to the turbulent free stream at the bound-
ary layer’s upper edge (Fig. 4-18b and Fig. 4-18c). As consequence of the separation shock 
a positive pressure gradient is generated which initiates the transition process within the 
shear layer. The intermittency spreads from the shear layer‘s middle to the lower and upper 
edge of the shear layer. To determine the actual degree of the boundary layer transition 
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process for a given streamwise position, the mean intermittency value between the lower 
and the upper edge of the shear layer at this position has to be evaluated. For example, a line 
normal to the wall at the kink passes first the laminar separation bubble (black) then the 
shear layer (almost white) until the inviscid flow area (white) above the separation shock is 
reached (Fig. 4-18b). The intermittency in the shear layer increases from the lower edge to 
the middle and then decreases to the upper edge thus indicating that the mean intermittency 
of the shear layer at this position is smaller than 1. This also shows that the transition proc-
ess is not completed before reattachment, but is after reattachment due to the strong reat-
tachment shock. Consequently, the flow field downstream of reattachment has an intermit-
tency value of 1 indicating a turbulent boundary layer. 
The comparison of the two free stream turbulence intensity cases (Fig. 4-18b and Fig. 
4-18c) shows the same results as the other measure findings (e.g. Fig. 4-17) of the enlarged 
separation length for the lower free stream turbulence case. The different separation lengths 
are the results of the different transition rates being indicated by the zoomed images of the 
initial transition process. The wedge-type spreading with respect to the flow direction is 
described by the wedge angles of 4° and 9° for the 0.1% and 0.8% free stream turbulence 
intensity, respectively. To relate this finding to the different separation lengths, the analyti-
cally based model has to be considered. In the derivation of the model it has been assumed 
that the difference of the shear stresses  across the shear layer depends only on the shear 
stress of the undisturbed boundary layer upstream of the interaction. Therefore, the differ-
ence of the shear stresses  in equation (4.5) is determined with the laminar boundary layer 
solution. Due to the transition process the shear layer profile changes from a laminar to a 
turbulent profile so that the shear stresses difference of the separated shear layer  in-
creases and with it reduces the separation length. For the case with higher free stream turbu-
lence intensity the transition process progresses more rapidly than for the other case so that 
the mean difference of the shear stresses increases with increasing free stream turbulence 
intensity. Finally, the incipient pressure, being also a function of the skin friction coefficient, 
changes from the laminar to the turbulent value which also leads to a reduction of the sepa-
ration bubble size. 
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Fig. 4-17: Pressure and Stanton number distributions for laminar, transitional and turbulent SWBLI, 
Cond. I: MaI = 6, ReI,L = 1.1·106, ramp deflection 11.5°, dashed separation (sep.) and reattachment 
(rea.) positions from schlieren images 
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Fig. 4-18: Flow fields in the vicinity of the kink: a) pressure distribution for Tu = 0.8%, b) intermittency 
distribution for Tu = 0.8%, c) intermittency distribution for Tu = 0.1%, Cond. I: MaI = 6, ReI,L = 
1.1·106, ramp deflection 11.5° 
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4.4.5 Wall temperature influence 
An elevated wall temperature increases the separation size due to the wall temperature‘s 
impact on the reference height factor Ch, the skin friction factor Ccf and the incipient separa-
tion pressure pinc. For increased wall temperature the skin friction factor decreases (Fig. 2-6) 
and the sonic height factor increases (Fig. 2-7) thus both lead to a larger separation length 
(eq. (4.10)). Finally, the incipient separation pressure is also reduced because it is a function 
of the skin friction coefficient which is lowered due to the increased wall temperature (Fig. 
2-6). These results are summarized for the wall temperature influence in equation (4.21). As 
example the pressure distributions for the double ramp configuration with the cold wall (300 
K) and the hot wall case (760 K) are given in Fig. 4-19. 
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Fig. 4-19: Pressure distributions for the double ramp configuration with different wall temperatures, 
Cond. I: MaI = 6, ReI,L = 1.1·106, ramp deflection 11.5°, dashed separation (sep.) and reattachment 
(rea.) positions from schlieren images 
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4.4.6 Influence of the leading edge bluntness 
The influence of increased leading edge radius is first to increase (displacement domi-
nated flow) and than decrease (bluntness dominated flow) the separation length. The point 
of reversal depends on free stream conditions and the leading edge radius as described in 
chapter 2.4.1. The pressure coefficient and the Stanton number distributions for the double 
ramp configuration are given in Fig. 4-20. The separation size increase from the sharp lead-
ing edge case to the blunt leading edge case with a radius of 0.5 mm is shown by experimen-
tally and numerically obtained pressure and Stanton number distributions. This effect is also 
indicated by the marked separation and reattachment positions determined from the 
schlieren images. These positions display the separation size decrease for a further increase 
of the leading edge bluntness to a radius of 1 mm. This decrease is not deducible from the 
experimental pressure and Stanton number distributions due to the measurement uncertain-
ties and the small spatial change of the separation size. The numerical solutions indicate the 
separation size decrease for a leading edge radius increase from 1 to 2 mm thus also reveal 
the reversal trend which is discussed more detailed after the description of the pressure and 
Stanton number distributions. 
The pressure distributions show the increased overpressure due to the increased leading 
edge radius upstream of the interaction so that for the larger leading edge radii the induced 
pressure gradient reaches the boundary layer just upstream of the separation point. The 
leading edge radius increase affects the plateau pressure only slightly but decreases the 
reattachment pressure. The Stanton number distributions indicate a reduced heat flux up-
stream and downstream of the kink whereby this trend upstream of separation stagnates for 
leading edge radii larger than 0.5 mm.  
The separation lengths of the double ramp experiments and the CFD simulation are 
given in Fig. 4-21. The largest separation sizes have been obtained for the experiments with 
a leading edge radius of 0.5 mm and for the numerical simulations with a leading edge 
radius of 1 mm. Therefore, the reversal point for the double ramp configuration with the 
employed free stream conditions could be estimated between 0.5 mm and 1 mm leading 
edge radius. The deviation in the reversal leading edge radius might be the result of slight 
uncertainties in the determined free stream conditions or the result of the transition process 
being not captured correctly by the transition model. 
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Fig. 4-20: Pressure and Stanton number distributions for different leading edge radii and a cold wall 
temperature (TW = 300 K), Cond. I: MaI = 6, ReI,L = 1.1·106, ramp deflection 11.5°, dashed separation 
(sep.) and reattachment (rea.) positions from schlieren images 
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Fig. 4-21: Separation length as function of combined bluntness viscous interaction parameter 
 
The comparison of the experimentally determined separation lengths with the threshold 
for the reversal trend proposed by Holden,40 which is marked in Fig. 4-21, shows no dis-
agreement with the experimental results, but does not coincide with the concluded reversal 
trend from the experiments and the numerical calculations. Nevertheless, due to the good 
agreement of the experiments and numerical simulations with respect to the pressure distri-
butions, the Stanton number distributions and the schlieren images for leading edge radii 
smaller than 0.5 mm and the only slight deviations for the larger leading edge radii, it is 
more likely that the reversal trend takes place between 0.5 mm and 1 mm. The difference 
between this estimate and the reversal trend observed by Holden might be due to the differ-
ent boundary layer edge Mach numbers of 6 for the double ramp cases and of 14 to 20 for 
the Holden experiments. Moreover, Holden investigated pure laminar interactions of a flat 
plate/ramp configuration instead of transitional interactions observed for the double ramp 
configuration. 
To explain the reversal trend of the separation length with respect to the leading edge 
radius, the derived analytically based model (eq. (4.10)) indicates that besides the ramp 
pressure pIII the separation length depends on the boundary layer profile upstream of the 
interaction. The boundary layer profile is described by the reference height factor Ch, the 
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skin friction factor Ccf and the incipient pressure pinc whereby the last two are related to the 
skin friction coefficient. Therefore, the skin friction coefficients for different leading edge 
radii are shown in Fig. 4-22 for different positions downstream of the leading edge x. Ex-
emplarily for the position 25 mm downstream of the leading edge, the skin friction coeffi-
cient first decreases and then increases for larger leading edge radii. The skin friction coeffi-
cient determines the velocity gradient at the wall and with it defines how rapid the velocity 
at the boundary layer edge is reached within the boundary layer thus describes to some 
extend the boundary layer profile. As a result one can conclude that a skin friction coeffi-
cient decrease corresponds to a sonic height increase and vice versa. This finding of the skin 
friction coefficient reversal behaviour generally explains the reversal trend of the separation 
size for increased leading edge bluntness, but it does not capture the bluntness influence on 
the upstream Mach number MaI and the inviscid pressure ratio of the compression corner 
pIII/pI. Moreover, it does not clarify why the skin friction coefficient features a reversal trend 
for increased leading edge bluntness. Consequently, to fully capture the leading edge blunt-
ness effect on the separation size, the entropy layer swallowing phenomenon has to be taken 
into account.  
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Fig. 4-22: Skin friction coefficient as function of the leading radius for different locations downstream 
of the leading edge, dashed line: entropy layer swallowing 
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 The entropy layer is generated by the curved part of the bow shock in the vicinity of the 
leading edge so that the streamlines passing this curved part of the shock form the entropy 
layer (Fig. 2-12). The pressure of the gas passing along these streamlines is first raised due 
to this stronger shock wave and than the gas expands towards the pressure of the sharp 
leading edge case in downstream direction. For gas travelling along streamlines, which are 
further displaced from the wall thus not passing the curved shock, the pressure of the gas is 
only raised due to the oblique shock for an inclined plate or not altered by the Mach line for 
a flat plate so that the pressure downstream of the shock or Mach line is equal to the pres-
sure of the sharp leading edge case. Hence, the streamlines passing the curved shock are the 
reason for the overpressure observed downstream of the leading edge (Fig. 4-23). As the 
same argumentation for the entropy applies as for the pressure of the gas, the streamlines 
passing the curved shock represent the entropy layer. The decay of the overpressure roughly 
indicates that all streamlines of the entropy layer entered the boundary layer so that the 
entropy layer is swallowed. As will be shown, the position of entropy layer swallowing with 
respect to the separation point of the SWBLI determines the reversal leading edge radius. If 
the SWBLI is located downstream of a completed entropy layer swallowing, a leading edge 
radius increase raises the separation size. This behaviour of the separation size occurs for 
small leading edge bluntness. The opposite holds for large leading edge bluntness for which 
the SWBLI is located upstream of the position where entropy layer swallowing would take 
place without SWBLI. To estimate the position of entropy layer swallowing or respectively 
the extent of the overpressure, the blast wave theory (chapter 2.3) can be employed. The 
blast wave theory predicting the overpressure extent indicates that the position of entropy 
layer swallowing moves downstream with increased leading edge radius. Since small lead-
ing bluntness causes an entropy layer being swallowed upstream of the interaction whereas 
for large leading edge bluntness the entropy layer is not swallowed until separation of the 
SWBLI. In the following discussion comparisons between the flow field with leading edge 
bluntness and a sharp leading edge are sketched to show the effects of the entropy layer for 
different leading edge radii. 
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Fig. 4-23: Sketch of entropy layer swallowing with corresponding pressure distribution 
 
First the flow field of the double ramp configuration with small leading edge bluntness 
is discussed so that the corresponding SWBLI at the ramps’ kink is located downstream of 
entropy layer swallowing. Therefore, the boundary layer upstream of the SWBLI is opposed 
to the same boundary layer edge conditions as the boundary layer of the sharp leading edge 
case. This is due to the fact that all streamlines which pass the curved shock are contained 
within the boundary layer and all streamlines reaching the boundary layer edge have passed 
the inviscid shock wave as forming for the sharp leading edge case. Concluding, the up-
stream Mach number MaI and the ramp pressure ratio pIII/pI remain unchanged, but the 
swallowed entropy layer affects the boundary layer profile upstream of the interaction and 
with it the corresponding skin friction coefficient and the sonic height. Since the streamlines 
representing the entropy layer have passed a stronger shock, the temperature of the gas 
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travelling along these streamlines is increased so that the temperature within the boundary 
layer is also increased compared to the sharp leading edge case. Due to the entropy layer 
swallowing the static pressure at the boundary layer edge is the same as for the sharp leading 
edge case, so that under consideration of the equation of state, the density within the bound-
ary layer is decreased. Therefore, the boundary layer thickness is increased and with it the 
sonic height (Ch). Further, the increased boundary layer thickness and the unchanged ve-
locity difference between the boundary layer edge and the wall indicate a decreased velocity 
gradient across the boundary layer so that a decreased velocity gradient at the wall can be 
estimated. From this decreased gradient one can deduce that the wall shear stress is reduced 
and with it the skin friction coefficient decreased (cf ). As a result of the swallowed entropy 
layer, the temperature within the boundary layer is increased which in turn raises the viscos-
ity having an increasing effect on the wall shear stress. This influence is minor compared to 
the afore mentioned influence of increased boundary layer thickness thus the skin friction 
coefficient is decreased for the blunt leading edge cases compared to the sharp leading edge 
case as shown in Fig. 4-22. Finally, the lowered skin friction coefficient leads to a decreased 
incipient separation pressure ratio (pinc/pI). All influences for small leading edge bluntness 
are summarized in equation (4.22). Since the skin friction coefficient decreases for each 
streamwise location to a certain minimum in Fig. 4-22, the grey dashed line connecting 
these minima represents the boundary between the small and the large leading edge blunt-
ness. 
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 (4.22) 
In respect of large leading edge bluntness, entropy layer swallowing does not occur up-
stream of the SWBLI so that increased leading edge bluntness reduces the separation size 
(Fig. 4-21). The boundary layer upstream of the SWBLI is affected on the one hand by the 
partly entrained entropy layer and on the other hand by changed boundary layer edge condi-
tions. To explain the effect of the changed boundary layer edge conditions, the flow field of 
the double ramp configuration with the reversal leading edge radius is considered. For this 
flow field the boundary layer upstream of the SWBLI has entrained the entropy layer so that 
the above mentioned effect with a decreased skin friction coefficient and an increased sonic 
height has developed. If the leading edge radius is further increased, the entropy layer is not 
swallowed completely so that the boundary layer edge conditions are changed. This effect of 
the changed edge conditions on the separation length is discussed with respect to the ana-
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lytically based model (eq. (4.23)). The altered edge conditions are formed by the streamlines 
which have passed a stronger part of the bow shock so that the velocity and Mach number 
are decreased and the temperature is increased. The Reynolds number trend cannot be de-
fined in general as the Reynolds number change across an oblique shock wave depends on 
the Mach number upstream of the shock and the shock angle.39 Additionally, a negative 
pressure gradient is induced due to the decaying overpressure towards the entropy layer 
swallowing (Fig. 4-23). Some these changes of the boundary layer edge conditions have an 
increasing whereas others have a decreasing effect on the boundary layer thickness and with 
it on the sonic height.100 Hence, the impact of increased leading edge radius on the sonic 
height for leading edge radius larger than the reversal leading edge radius cannot be deter-
mined straight forward, but for the flow field considered in this study a slight increase of the 
sonic height factor has been observed (Ch) being presented in reference 79. Also influenced 
by the changed boundary layer edge conditions, the skin friction factor increases for an 
increased leading edge radius starting from the reversal leading edge radius (cf) (Fig. 4-22). 
The incipient separation pressure is raised by the skin friction coefficient increase and the 
negative pressure gradient, but is reduced by the decreased Mach number. To determine the 
effect of leading edge bluntness on the incipient separation pressure ratio, the ratios for the 
double ramp configuration with a sharp leading edge and a leading edge radius of 0.5 mm 
have been calculated. For a position upstream of entropy layer swallowing (30 mm down-
stream of the leading edge) similar incipient separation pressure ratios have been observed 
so that both effects outweigh each other (pinc/pI). Therefore, the effect of leading edge 
bluntness on incipient separation pressure is neglected for this investigation. This simplifies 
the further discussion of the decreased Mach number’s impact on the separation size be-
cause the bracket term in equation (4.23) is reduced to the inviscid ramp pressure ratio 
pIII/pI. Such pressure ratio is for higher Mach numbers proportional to the Mach number 
squared76 so that the Mach number influence and the Mach number squared term compen-
sate each other. This compensation reduces the effect of increased leading edge bluntness 
for large leading edge bluntness to the skin friction factor increase and the slight sonic 
height factor increase. Due to the larger increase of the skin friction factor the separation 
length decrease with increased leading edge radius could be explained with the analytically 
based model. 
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The discussion above explained the effect of increased leading edge bluntness on the 
SWBLI’s separation size which increases for small leading edge bluntness and decreases for 
large leading edge bluntness. To distinguish between these two regimes, it has been stated 
that the position of entropy layer swallowing with respect to the separation point determines 
the borderline between the two regimes. To verify this statement and for the reason that the 
entropy layer swallowing coincides with the decay of the overpressure induced by the lead-
ing edge bluntness, the pressure distributions of the double ramp configuration for different 
leading edge radii are shown in Fig. 4-24. For the leading edge radius of 0.5 mm the entropy 
layer swallowing occurs about 25 mm downstream of the leading edge. In Fig. 4-22 it is 
shown that for this position, the lowest skin friction coefficient is observed for a leading 
edge radius of 0.5 mm. For the position 50 mm downstream of the leading edge the entropy 
layer of the 1 mm leading edge radius case is swallowed and the minimum of the skin fric-
tion coefficient for this position is also obtained for the 1 mm leading edge case. For larger 
leading edge radii the skin friction coefficient’s minimum becomes less pronounced, but 
Fig. 4-22 clearly shows that for increased leading edge radius this minimum shifts down-
stream and with it the entropy layer swallowing. For the double ramp configuration and the 
employed free stream conditions a leading edge radius of 2 mm is required to extend the 
overpressure towards the SWBLI thus provoking a decreased separation size as given in Fig. 
4-21. However, it must be stated that the coincidence of the overpressure decay with the 
entropy layer is unsharp. For the sketch of Fig. 4-23 this coincidence is shown, but if only 
the free stream Reynolds number is changed while keeping the Mach number constant, the 
boundary layer thickness is altered and with it the position of entropy layer swallowing. On 
the other hand, the shock shape remains unchanged in order that the position of the over-
pressure decay is unchanged, if the effect of the altered boundary layer thickness on the 
shock shape is neglected. Therefore, the statement that overpressure decay and entropy layer 
coincide is only valid for a few special cases. Hence, the overpressure decay is mainly de-
termined by the leading edge bluntness and indicates that all streamlines of the entropy layer 
have reached the near wall zone thus have affected wall pressure distribution. Since this near 
wall zone is also the domain of the boundary layer, the coincidence of entropy layer swal-
lowing and overpressure decay is somewhat reasonable but not exact. Also the position of 
overpressure decay is not a sharp defined boundary so that everything is a bit fuzzy. Never-
theless, the statement allows one to consolidate the terms which have been employed to 
describe the effects of leading edge bluntness on the flow field. The terms “small leading 
edge bluntness influenced”, “entropy layer swallowed” and “displacement dominated” 
depict the same region with respect to entropy layer swallowing. And on the other hand, 
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“large leading edge bluntness influenced”, “entropy layer influenced” (overpressure) or 
“bluntness dominated” refer to given position downstream of the leading edge. 
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Fig. 4-24: Pressure distributions downstream of the leading edge for different leading edge radii  
 
The finding that the position of entropy layer swallowing with respect to the SWBLI de-
termines the separation size behaviour for increased leading edge bluntness is in contrast to 
the explanation of Holden40 for the reversal trend. He analysed that the streamlines forming 
the entropy layer have passed a stronger shock so that the boundary layer edge is opposed to 
a lower Mach number and Reynolds number compared to the case with sharp leading edge 
as well as a negative pressure gradient is induced. He concluded that for small bluntness the 
decreased Mach number leads to an increased separation size. This Mach number effect 
outweights the influence of the decreased Reynolds number and the negative pressure gradi-
ent as both having the opposite effect – decreasing the separation size. For large leading 
edge bluntness he postulated that the decreased Reynolds number and the negative pressure 
gradient are superior to the Mach number influence so that the separation size decreases. 
Holden’s conclusion is contrary to the finding above that the separation size decrease is a 
result of the entropy layer swallowing. For the entropy layer being swallowed the decreased 
Reynolds number and the negative pressure gradient have decayed thus can not be the rea-
4 Results and Discussion 115 
son for the reversal trend. To discuss these different findings, the free stream conditions of 
Holden’s experiments have to be taken into account. Holden investigated a flat plate/ramp 
configuration at high free stream Mach numbers and low Reynolds numbers so that the 
investigated SWBLIs are located within the viscous interaction regime (chapter 2.2.4). The 
flow field of the viscous interaction regime is characterized by a thick boundary layer which 
generates a shock wave in the vicinity of the leading edge. This shock is caused by the 
boundary layer’s displacement effect so that flow fields within the viscous interaction re-
gime feature a negative pressure gradient in streamwise direction even for flat plates with 
sharp leading edges. In Holden’s investigation with leading edge bluntness the observed 
pressure gradient could extend beyond entropy layer swallowing, if the overpressure due to 
the viscous interaction has not decayed. To illustrate this effect, the flow around a flat plate 
with blunt leading edge and occurring viscous interaction is sketched in Fig. 4-25. For sim-
plicity, it is assumed that the observed overpressure at the wall is the superposition of the 
overpressure due to leading edge bluntness described by the blast wave theory (BWT) and 
the overpressure due to the displacement effect by the viscous interaction theory (VIT). This 
demonstrates that even downstream of the entropy layer swallowing a pressure gradient can 
remain which is caused by the viscous interaction due to the boundary layer’s displacement 
effect. Considering the superposition of the bluntness and the displacement effect, the pres-
sure gradient downstream of entropy layer swallowing can not be the reason for the reversal 
trend as it also occurs for the sharp leading edge case. This superposition assumes no inter-
action of the displacement and the bluntness effect which occurs in reality as well as the 
entropy layer swallowing is not divided by a sharp boundary. However, these simplifications 
allows one to classify the flow regimes with different ruling effects. 
4.4.7 Combined wall temperature/leading edge bluntness effect 
The overview of the obtained separation and reattachment positions from the schlieren 
images in Fig. 4-26 shows clearly for all investigated leading edge radii the increase of the 
separation bubble with increasing wall temperature. For all leading edge radii the slope 
seems to be similar over the studied wall temperature ratio range. Moreover, the reversal 
trend of the separation size for increased leading edge radius is observed for all investigated 
wall temperatures. 
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Fig. 4-25: Sketch of entropy layer swallowing within the viscous interaction regime 
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Fig. 4-26: Separation and reattachment positions for different leading edge radii as function of the wall 
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Fig. 4-27: Colour schlieren image of the reference case 
 
 
Fig. 4-28: IR image of the reference case, solid line: kink, black markers: thermocouples 
 
 
Fig. 4-29: IR image of the flow field with side walls 
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4.5 Three-dimensional shock wave/boundary layer interaction 
4.5.1 Reference case without side walls 
The flow field of the scramjet intake is first described for the reference case which is ob-
tained for flow condition I, a cold wall (TW = 300 K), disassembled side walls and a sharp 
leading edge. The flow field is shown in the coloured schlieren image (Fig. 4-27) which 
indicates the direction of the density gradients as well as in the black and white schlieren 
image (Fig. 4-53, R = 0mm) which displays the density gradients with respect to the vertical 
or z-axis in the range of ±100 kg/m4. The marked flow field features (Fig. 4-27) have been 
observed for different total temperatures and wall temperatures thus they describe general 
features. The differences between the case with side walls and the case without side walls 
are described in chapter 4.5.3.  
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Fig. 4-30: Pressure distributions of the reference case, Cond. I, TW = 300 K, dashed separation (sep.) 
and reattachment (rea.) positions from schlieren images 
 
The pressure distributions of the first two ramps are presented for three experiments in 
Fig. 4-30 which indicate the good reproducibility of the experiment. The pressure measure-
ments agree with inviscid pressure upstream cp,I and downstream cp,III of the interaction as 
well as with the plateau pressure cp,II of the free interaction theory by Chapman11 so that 
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these theoretical pressure estimates yield reasonable estimates for the different regions. 
Those regions are divided by the separation and reattachment positions which are obtained 
from the schlieren image (Fig. 4-31) and are also marked in the corresponding IR image 
(Fig. 4-28). The IR image indicates no three-dimensional effects upstream of the kink but 
shows a three-dimensional flow field downstream of the kink. This downstream flow field is 
divided into a Goertler zone with striation heating and a zone with a new sublayer being 
vortex-free as sketched in Fig. 2-22. The downstream edge of the Goertler zone, which has 
been introduced in chapter 2.5.1, in the model’s midspan is displayed in the pressure distri-
butions (Fig. 4-30) and the second zoom of the coloured schlieren image (Fig. 4-32). 
 
 
Fig. 4-31: Zoom 1 of Fig. 4-27: SWBLI  
 
 
Fig. 4-32: Zoom 2 of Fig. 4-27: Downstream of the SWBLI (increased contrast) 
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The Stanton number distributions (Fig. 4-33) upstream of the kink indicate laminar flow 
due to the fair agreement with the Van Driest solution103 for the laminar boundary layer. The 
separation is also laminar due to the decreasing heat flux in the separation region. The heat 
load decrease due to the laminar separation is also visible in the IR image (Fig. 4-28) show-
ing a straight separation line. 
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Fig. 4-33: Stanton number distributions of the reference case, Cond. I, TW = 300 K, dashed separation 
(sep.) and reattachment (rea.) positions from schlieren images  
 
In the Goertler zone the measured heat fluxes by the thermocouples (TC) vary between 
the estimates of a new laminar and a new turbulent boundary layer developing from reat-
tachment as proposed by Simeonides92 (chapter 2.2.2). This leads to the conclusion of a 
transitional interaction since the heat flux averaged in lateral direction is representative for 
the boundary layer state (chapter 2.5.1). The striation heating is the result of the Goertler 
vortices being a wave form disturbance which causes the alternating variation of the heat 
flux in lateral direction. The corresponding wave length of this alternating variation is given 
by two vortex diameters which are about 4 to 5 mm each (Fig. 4-28). These diameters repre-
sent 2 to 2.5 boundary layer thicknesses thus agree with the observations of other research-
ers (chapter 2.5.1). The heat fluxes obtained by the IR line scans are measured at 4.8 mm 
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and 19.4 mm displaced from the centre line. The 4.8 mm line scan represents the lowest heat 
flux and the 19.4 mm the highest heat flux in lateral direction (Fig. 4-34). Therefore, these 
heat flux distributions determine the range of the heat flux occurring in the Goertler zone. 
Towards the downstream edge of the Goertler zone the vortices decay and with it the differ-
ence between the maximum and minimum heat flux distributions so that the coincidence of 
the distributions defines the downstream edge of the Goertler zone (s/LI = 0.28). This edge 
also represents the position where the pressure distribution reaches the inviscid second 
pressure (Fig. 4-30). 
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Fig. 4-34: Heat flux distributions of the second ramp for shifted Goertler vortices, Cond. I, TW = 300 K, 
dashed reattachment (rea.) position from schlieren images 
 
In the performed test campaign the reference case has been investigated first followed 
by the wall temperature and the side wall effect. Due to unreasonable heat flux measure-
ments for the case with side walls, the reference case without side walls has been investi-
gated again. The comparison of the heat flux measurements before (Exp. 5 and Exp. 7) and 
after (Exp. 9 and Exp. 10) the side wall and wall temperature experiments indicates on the 
one hand a shift of the Goertler vortices’ positions in lateral direction and on the other hand 
the destruction of a few thermocouples. The shift of the Goertler vortices changes the lateral 
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heat flux distribution downstream of reattachment, but the measured heat fluxes stay within 
the maximum and minimum heat flux of the IR line scans presented in Fig. 4-34. Even 
within the different sets of experiments (before and after the side wall and wall temperature 
experiments) a slight variation in the Goertler vortices’ positions could be estimated due to 
the variation of the heat flux levels (see e.g. Exp. 6 and Exp. 7). The second finding of the 
comparison is that a few thermocouples have been destroyed during the high wall tempera-
ture experiments of 1000 K. This can be concluded as their measurements deviate drastically 
from the range defined by the minimum and the maximum heat flux measured by the IR line 
scans. 
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Fig. 4-35: Stanton number distributions of the second ramp for different experiments of the reference 
case, Cond. I, TW = 300 K, dashed reattachment (rea.) position from schlieren images 
 
Downstream of this Goertler zone the heat flux rises or decreases. This depends on the 
lateral position indicated by the IR image (Fig. 4-28) as well as on slight changes between 
the experiments as shown by the heat flux distributions of the second ramp for various ex-
periments at the same line scan position (y = 4.8 mm) (Fig. 4-35). This behaviour might be 
explained by the model of Kreins53 (Fig. 2-22) which states that the Goertler vortices break-
down after a certain distance and a new vortex free sublayer develops with edge conditions 
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given by the decayed vortices. If this new sublayer is treated as a new boundary layer, the 
measured heat flux distributions of experiment 10 at the downstream portion of the second 
ramp (s/L1 = 0.4 – 0.44) agree with the solution of a laminar boundary layer developing 
from the point of vortex breakdown (sGT_Down). Nevertheless, the decayed vortical structure 
acts as turbulent edge condition of this new sublayer thus could lead to bypass transition 
(exp. 13). The heat fluxes of a transitional boundary layer are observed in experiments 11 
and 12. The turbulent edge condition is also shown by the turbulent structures at the bound-
ary layer edge downstream of the Goertler zone (Fig. 4-32). Besides this promoting effect 
the flow expands from the high reattachment pressure to the inviscid second ramp pressure 
(Fig. 4-30) having a stabilizing effect on the boundary layer thus counteracting the bypass 
transition. These various influences on the boundary layer state explain the laminar, transi-
tional and the turbulent heating levels observed for different runs (Fig. 4-35). 
After the description of the nominal two-dimensional flow field with three-dimensional 
Goertler vortices, the side flow is investigated. Since the Goertler vortices are a local phe-
nomenon, their effect can be approximated by the lateral average. In contrast to the Goertler 
vortices the side flow is also a three-dimensional effect, but the side flow influences the 
whole flow field in downstream direction. This is because of the fact that the side flow 
reduces the mass flow within the considered two-dimensional flow field. With respect to the 
SWBLI the side flow leads to a decreased separation length which has been expected due to 
the violation of the criteria by Lewis56 stating the ratio of the first ramp to the model width 
being larger than one (chapter 2.5.2). For this model the said ratio is 0.37 being significantly 
smaller than the required ratio of 1. The side flow is a result of the pressure difference be-
tween raised static pressure due to the compression ramps and the unchanged free stream 
pressure beneath the compression ramps. Therefore, the side flow is more pronounced on 
the second ramp since the inviscid second ramp pressure is more than a factor 4 greater than 
the first ramp pressure. This holds especially for the maximum reattachment pressure being 
a factor of 5 greater than the first ramp pressure. The lateral pressure distributions are given 
in Fig. 4-36 (left). The two distributions of the first ramp are located upstream of the interac-
tion and indicate a slight pressure coefficient decrease of 0.02 towards the model sides. The 
lateral pressure distribution of the second ramp being located downstream of the Goertler 
zone shows a significant pressure coefficient decrease of 0.1 due to the stronger lateral 
pressure gradient. The pronounced side flow on the second ramp is also visible by the stria-
tion direction turning outwards (Fig. 4-28). 
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Fig. 4-36: Pressure and Stanton number distributions in lateral direction without side walls of the 
reference case, Cond. I, TW = 300 K 
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Fig. 4-37: Stanton number distributions of the experiment and the numerical solution of the reference 
case, Cond. I, TW = 300 K, separation (sep.) and reattachment (rea.) positions from schlieren images 
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There are two side flow effects on the heat flux distribution. Since both effects are coun-
teracting the outcome of the side flow on the heat flux distribution can not be determined 
straight forward. On the one hand, the side flow decreases the boundary layer thickness 
compared to the two-dimensional case so that the heat load is increased being known as 
Mangler effect.39 On the other hand, the flow expands to the sides and in downstream direc-
tion thus reduces the boundary layer edge pressure and temperature and with it the heat flux. 
The three lateral heat flux distributions (Fig. 4-36, right) being located upstream and down-
stream of SWBLI show a slight decline to the model’s sides so that both effects mainly 
compensate each other. The measurement at the streamwise position s/L1 = -0.081 indicates 
a severe deviation from the linear fit at the lateral position y/B = 0.2. There are two reasons 
for such reproducible deviation. First, this streamwise position is located just upstream of 
separation so that the deviation could be due to a non-straight separation line which is not 
observed in the IR image. The second reason could be a distortion being generated by the 
side flow which is not detected by the lateral heat flux distribution upstream (s/L1 = -0.561) 
so that this phenomenon requires an increased number of sensors to be identified properly.  
Finally, the experimental data is compared to the two-dimensional numerical solution. 
The numerical solution has been determined with the same transitional boundary layer 
behaviour as used for the double ramp computations thus assuming a similar transition 
process. If any influences on the transition process due to the side flow could be excluded, 
the numerical solution represents the two-dimensional flow field and allows one to identify 
the side flow effect. The numerically obtained pressure distribution (Fig. 4-30) as well as the 
Stanton number distribution in Fig. 4-37 indicate a larger separation size compared to the 
reference case so that the side flow leads to a reduced separation size. This is consistent with 
the findings of other experimental and numerical investigations.42,59 The numerically ob-
tained heat fluxes (Fig. 4-37) coincide with the theoretical laminar solution upstream of the 
interaction and are somewhat higher than the estimate for a turbulent boundary layer down-
stream of the interaction. The higher heat fluxes downstream of reattachment are the result 
of the increased pressure and therewith the temperature at the boundary layer edge down-
stream of reattachment. Due to the Goertler vortices the heat flux downstream of reattach-
ment varies in lateral direction which is displayed by the minimum and maximum heat flux 
measured by the IR line scans. As discussed above the lateral average of the reattachment 
heat flux can be used for two-dimensional considerations. This average is located between 
the laminar and turbulent boundary layer estimate thus indicating a transitional SWBLI. The 
heat flux values vary around this average value caused by the influence of the Goertler 
vortices (chapter 2.5.1). The two-dimensional numerical simulation determines a completed 
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transition due to the fair agreement with the turbulent boundary layer estimate. Conse-
quently, the side flow seems to delay the transition. 
 
4.5.2 Wall temperature influence 
The schlieren images for the wall temperatures of 300, 600 and 900 K demonstrate the 
separation size increase with wall temperature (Fig. 4-38). One of the reasons given in chap-
ter 4.4.5 for the separation size increase is the enlarged boundary layer thickness. Such 
enlarged boundary layer thickness enhances the flow displacement due to the developing 
boundary layer in the vicinity of the leading edge (chapter 2.2.4) thus leads to an upwards 
shift of the first ramp shock. The diamond marker in the schlieren images indicates the 
design point of the cowl’s leading edge. This design point has been calculated with respect 
to the optimum intake criterion and thereby refers to the intersection point of the inviscid 
first and second ramp shock (chapter 2.1). For this design point all streamlines within the 
intake’s height of 100 mm enter the intake so that the design point represents the maximum 
mass flow and allows maximum engine thrust (chapter 1). For the flow field with a wall 
temperature of 300 K, the first ramp shock misses the cowl due to the mentioned boundary 
layer displacement effect so that the intake’s height is not fully utilized for mass capturing. 
This is illustrated by the characteristic streamline just reaching the cowl’s leading edge. All 
streamlines above this streamline miss the intake and represent the spillage flow amounting 
to 2.6 % of the maximum mass flow for the 300 K wall temperature case. For the higher 
wall temperatures the first ramp shock is shifted further upwards so that the height of the 
characteristic streamline declines and with it the spillage flow increases to 5.2 % for a wall 
temperature of 900 K.  
To investigate the effect of the elevated wall temperature on the boundary layer, the 
boundary layer zoomed by a factor of 3 is given in the lower part of the schlieren image for 
each wall temperature. For scaling purposes the rectangular zoom box in the schlieren image 
represents a height of 5 mm and a width of 10 mm. For increased wall temperatures the 
boundary layer thickness increases whereby the density gradient decreases. Due to the fact 
that the pressure gradient in the boundary layer is negligible, the density gradient represents 
the inverse of the temperature gradient and therewith the temperature boundary layer profile. 
Hence, the schlieren image displays the temperature boundary layer which is related to the 
velocity boundary layer but is not identical for a gas with a Prandtl number not equal to one. 
A more detailed discussion of the temperature boundary layer and the interpretation of the 
schlieren images is given in chapter 4.5.5 in the course of the entropy layer investigation.  
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Fig. 4-38: Schlieren images for different wall temperatures, Cond. I 
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The detection of the separation position with respect to the schlieren images might ap-
pear to be somehow undefined for the higher wall temperatures because the separation 
shock is not as good visible for these higher wall temperatures than for the cold wall tem-
perature of 300 K. The reason for this less pronounced appearance of the separation shock is 
the thicker boundary layer which stretches the separation process and with it the separation 
pressure rise over a wider distance. This separation pressure rise being function of the wall 
temperature is discussed more detailed with corresponding pressure distributions given in 
Fig. 4-40. Therefore, the density gradients, which are related to the pressure gradients, are 
less pronounced and with it the separation shock in the schlieren image is not as good visible 
for the higher wall temperatures than for the cold wall temperature. The separation position 
with respect to the schlieren images is defined by the crossing point of the separation 
shock’s upstream edge with the boundary layer edge. Due to the fact that the separation 
shock is less pronounced for the higher wall temperatures, the lessons learned with respect 
to the introduced quantitative schlieren image investigation technique allows one to even 
detect very small density gradients. This is demonstrated in chapter 4.5.6 with Fig. 4-59. 
Moreover, since each pixel in the schlieren image represents a square with a side length of 
0.0688 mm in the imaged flow field, the error in the determined separation position is less 
than 1 mm thus the separation position determined with the schlieren image has a much 
higher accuracy than the separation position determined by the pressure transducers having a 
spacing of 5 mm in streamwise direction. 
The increased separation size for elevated wall temperatures is mainly the result of the 
increased upstream extent whereas the reattachment position changes only slightly (Fig. 
4-39). There are no error bars for the positions determined with the schlieren images be-
cause these error bars are smaller than the symbol size. This statement is only related to the 
separation point definition for the schlieren technique and does not account for genaral 
deviations between this definition and the true separation point of cf equals zero. For tem-
perature ratios of 3 and 6 the linear curve fits of the separation and reattachment positions 
have similar slopes compared to the numerical solution. For these temperature ratios the 
offsets between the experimentally and numerically evaluated positions remain constant 
whereby the offset is caused by the side flow effect. For higher temperature ratios in the 
experiments the separation size increase first stagnates (TW/TI = 9) and then decreases 
(TW/TI = 10). This reversal trend is caused by the increased side flow, which is enhanced for 
increased wall temperature, as is explained later. This side flow effect is not included in the 
numerical solution of the two-dimensional flow field thus the offset between experiment and 
numerical solution increases.  
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Fig. 4-39: Separation and reattachment positions for different wall-to-free-stream-temperature ratios, 
Cond. I with TI = 100 K 
 
The pressure distributions (Fig. 4-40) also indicate the separation size increase with in-
creased wall temperature but due to the small increase of the upstream extent and the weak 
separation pressure rise the determined separation positions are somewhat vague. Therefore, 
the pressure distributions do not allow one to clearly evaluate the reversal trend of the up-
stream extent. The separation positions concluded from the pressure distributions are de-
tected on the basis of the most upstream pressure rise of the SWBLI between two pressure 
sensors. These separation positions are also shown in Fig. 4-39. The corresponding error 
bars only account for the error due to the spatial resolution of the pressure transducer ne-
glecting the error caused by the uncertainties of the pressure measurement. Nevertheless, the 
separation positions determined by the pressure distributions show a stagnation of the sepa-
ration size increase for increased wall temperatures for wall temperatures above 600 K. 
To complete the discussion of the pressure distributions, the effect of wall temperature 
on the second ramp pressure is described, before the reversal trend of the separation size 
with wall temperature is addressed in more detail. The pressure recovery to the inviscid 
second ramp pressure moves downstream from s/L1 = 0.08 to 0.14 for higher wall tempera-
tures so that the aerodynamic forces and moment of the intake are changed. If the investi-
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gated geometry is applied as flap, e.g. for a re-entry vehicle, this result indicates a drastic 
loss of control efficiency with increasing wall temperature.  
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Fig. 4-40: Pressure distributions for different wall temperatures, Cond. I, dashed separation (sep.) and 
reattachment (rea.) positions from schlieren images 
 
The reversal trend of the separation size for increased wall temperature is the result of 
the increased side flow because the side flow increases with wall temperature. This effect is 
explained by the pressure measurements upstream of the interaction given in Fig. 4-41. The 
boundary layer thickness and with it the displacement thickness increase with wall tempera-
ture. This enlarged displacement thickness increases the displacement effect which in turn 
causes the increased overpressure compared to the inviscid pressure estimate. Exemplarily, 
the position s/L1 = -0.461 shows that the overpressure increases systematically with rising 
wall temperatures from 300 to 1000 K. Such overpressure is observed for all pressure meas-
urements upstream of the position s/L1 < -0.19. The pressure distributions indicate the over-
pressure decay in downstream direction caused by the decreasing boundary layer growth 
with running length. Just upstream of the interaction (s/L1 = -0.185 to -0.1) the pressure 
declines drastically due to the side flow reaching the midspan of the intake model. For the 
900 K wall temperature case the measured pressure drop-off for the pressure transducers at 
s/L1 = -0.185 and -0.166 is about 10 %. As this pressure decrease due to the side flow is 
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more distinctive for higher wall temperatures, one can conclude that the side flow effect is 
enhanced for elevated wall temperatures. Unfortunately, for the 1000 K wall temperature 
case the pressure transducer at s/L1 = -0.166 failed during the experiment. 
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Fig. 4-41: Elevated wall temperature effect on the first ramp’s pressure distribution 
 
The observation of the enhanced side flow for increased wall temperature leads to the 
conclusion that the first ramp can be divided into two regions. The first region is governed 
by displacement effects causing the overpressure which diminishes in downstream direction 
to the inviscid first ramp pressure. The second region is dominated by the side flow effect 
featuring a lower pressure than the inviscid first ramp pressure. The view onto the first ramp  
is given in Fig. 4-42 (left) which sketches both region of influence assuming for simplicity a 
straight spreading of the side flow dominated region. In Fig. 4-42 (right) the corresponding 
pressure distributions are sketched. This simplification allows one to describe the side flow 
effect with a so-called side flow spreading angle SF. For the cold wall case (TW = 300 K) 
the pressure decrease takes place at s/L1 = -0.148 so that the side flow spreading angle is 
computed to be 12.2° being larger than the Mach angle of 9.5° (MaI = 6) given for reference. 
Since the pressure decrease is observed one pressure transducer further upstream, this angle 
increases with rising wall temperature being 12.5° for the hot wall case (TW = 900 K). The 
accuracy is limited due to the distance between the transducers and the failure of the pres-
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sure transducer at the position s/L1 = -0.148. Upstream of the borderline between the two 
flow regions the first ramp pressure is increased or equal to the inviscid pressure due to the 
mentioned displacement effect which decays in downstream direction as described by the 
viscous interaction theory (chapter 2.2.4). Downstream of this borderline the pressure is 
decreased caused by the side flow. 
 
 
Fig. 4-42: Side flow influence on the flow of the first ramp, view onto the surface (left), sketch of the 
pressure distribution (right) 
 
The concept of two regions controlling the wall pressure on the first ramp and with it the 
flow field is verified by the behaviour of the pressure measurements with respect to the wall 
temperature (Fig. 4-43). The pressure coefficients are scaled with the corresponding pres-
sure coefficient of a wall temperature ratio of 3. These relative changes of the pressure 
coefficients clearly demonstrate the effect on both regions due to increased wall tempera-
tures. The transducers being most upstream (s/L1 = -0.461, -0.388) indicate a pressure rise 
which is expected due the increased displacement effect increasing the overpressure. Hence, 
these transducers are located in the displacement dominated region. Just upstream of the 
SWBLI interaction (s/L1 = -0.184, -0.166) the boundary layer displacement induced over-
pressure decays and the side flow effect reduces the wall pressure thus induces a negative 
pressure gradient. This effect becomes even more pronounced for increased wall tempera-
ture because the averaged momentum flux across the thicker boundary layer of the hot wall 
case is reduced compared to the thinner boundary layer of the cold wall case. This reduction 
is on the one hand the result of the less full velocity profile and therewith velocity is re-
duced. On the other hand the density is decreased for increased wall temperature, which is 
discussed in course of the discussion of Fig. 4-54. The ratio of the average momentum flux 
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within the boundary layer to the pressure gradient in lateral direction determines the deflec-
tion of the streamlines to the sides so that a decreased momentum flux increases the side 
flow effect.  
After the discussion of the displacement and side flow dominated regions as well as the 
effect of increased wall temperature on the borderline, the impact of side flow on the 
SWBLI is addressed. For the investigated flow conditions the displacement effect decays 
quite rapidly so that the pressure is almost constant at the downstream portion of the dis-
placement dominated regime. Therefore, only the developing side flow effect induces a 
negative pressure gradient in streamwise direction. This gradient energizes the boundary 
layer and with it counteracts the upstream effect of the SWBLI. Since the side flow spread-
ing angle increases for rising wall temperature, the induced pressure gradient energizes the 
boundary layer for a longer distance thus counteracts the upstream effect of the SWBLI and 
with it reduces the interaction’s extent upstream. 
 
TW/TI [-]
c p
/c
p,
re
f
[-]
2 4 6 8 10
0.9
0.95
1
1.05
1.1
s/L1 = -0.461
s/L1 = -0.388
s/L1 = -0.184
s/L1 = -0.166
side flow
dominated
displacement
dominated
 
Fig. 4-43: Effect of wall temperature on the surface pressure of the first ramp 
 
After the discussion of the pressure distributions the analysis of the heat flux measure-
ments completes this subchapter. Due to the elevated wall temperature the heat load on both 
ramps is reduced (Fig. 4-44). On the first ramp the heat flux distributions for both wall 
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temperatures agree with the respective laminar solution until separation where the heat flux 
distributions show the characteristic heat flux decrease of the laminar separation. Down-
stream of reattachment the heat load for the increased wall temperature case is decreased 
compared to the cold wall case but features the same transitional shear layer behaviour. 
Since the heat flux distributions in the reattachment region are affected by the position of the 
Goertler vortices, the presented runs for the different wall temperatures have similar Goert-
ler vortices positions in spanwise direction thus allowing one to compare the reattachment 
heat fluxes. A change in the Goertler vortices diameter could not be observed due to the 
spatial resolution of about 1 mm per pixel of the IR image. 
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Fig. 4-44: Stanton number distributions for different wall temperatures, Cond. I, dashed separation 
(sep.) and reattachment (rea.) positions from schlieren images 
4.5.3 Side wall influence 
The schlieren image of the case with side walls permits the investigation of the flow 
field through the two window sections and above the side walls (Fig. 4-45). The cowl plate 
has been omitted for a better comparison to the reference case without side walls. The 
schlieren image indicates a shock wave due to the side wall installation, the first ramp shock 
mainly covered by the side wall, two separation shocks, one thick reattachment shock of the 
SWBLI as well as an expansion fan at the intake’s shoulder.  
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Fig. 4-45: Schlieren image with installed side walls, Cond. I, TW = 300 K 
 
The visible layer upstream of the interaction is thicker than the visible layer of the refer-
ence case in Fig. 4-27 so that the height of the zoom section is increased to 10 mm. In Fig. 
4-27 the visible layer represents the boundary layer, but in the image of the side wall case 
the visible layer is the superposition of the boundary layer and the corner flow (chapter 
2.5.3) thus the height of the corner flow is more than the double of the boundary layer 
height. Moreover, the first separation shock is hardly visible so that it is indicated by a white 
line. For a decreased density gradient range of the schlieren image, the first separation shock 
is displayed (Fig. 4-46) so that zoomed images with a decreased measurement range of the 
density gradient allow the determination of the separation point. The second separation 
shock is close to the kink and mainly hidden by the corner flow. Downstream of the reat-
tachment shock no clear discontinuity line is visible due to the missing of a defined triple 
point of the separation, the reattachment and the second ramp shock. 
To explain the occurrence of two separation shocks of which one is hardly visible, the 
IR image (Fig. 4-29) is employed. Upstream of the interaction the heating due to the corner 
flow is clearly observed. As for the case without side walls the separation line is defined by 
the temperature decrease and therewith has a kind of tongue form. The parts of the separa-
tion line being further downstream are in the regions of the corner flow which transports 
high energetic flow to the wall. Hence, the corner flow causes the increased heat load ob-
served in the IR image. Since the energized boundary layer is able to better withstand the 
upstream acting pressure, the separation size is decreased in the region of the corner flow. 
The separation position in the model’s midspan is increased compared to the reference case 
because the side flow is prevented by the side wall installation. Concluding, in the lateral 
direction the first ramp can be categorized into the parts influenced by the corner flow and a 
midspan part with corresponding separation positions and separation shocks. The schlieren 
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image compresses this information over the flow field depth thus the tongue form of the 
separation line and therewith the corresponding separation shock form appear as two shocks. 
The classification of the first ramp flow in such parts simplifies the understanding, but as the 
separation line reveals, no sharp borderline exists between those parts. Nevertheless, if this 
categorization is used for the second ramp flow, two reattachment shocks in the schlieren 
image are expected. Since the variation of the reattachment line with respect to the lateral 
direction is small, both expected shocks appear as one thick reattachment shock. Further 
conclusions with regard to the schlieren image are drawn after the discussion of the pressure 
distribution. 
 
 
Fig. 4-46: Zoomed image of Fig. 4-45: SWBLI 
 
The pressure distribution along the midspan of the model with side walls (WSW) repre-
sents the midspan flow with a larger separation size than the one obtained for the reference 
case (Fig. 4-47). Both cases reach a similar plateau pressure cp,II, but the pressure rise is 
slightly higher for the case with side walls. Such increased pressure rise is the result of the 
prevented side flow as well as the additional compression due to the boundary layers devel-
oping on the inner sides of the side walls. This additional compression can be observed by 
the slight pressure increase even upstream of the separation position. The numerical solution 
representing the two-dimensional case indicates a smaller separation size than observed for 
the midspan part of the side wall case. The reattachment pressure for the side wall case is 
drastically increased compared to the other distributions shown. Moreover, the prevented 
side flow can also be observed by the comparison of the Goertler vortices’ footprints in the 
IR images (Fig. 4-28 and Fig. 4-29) which are oriented in streamwise direction for the in-
stalled side walls. 
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Fig. 4-47: Pressure distributions with and without side walls as well as numerical simulation, Cond. I, 
dashed sep. and rea. positons from schlieren images 
 
For the case with side walls the pressure rise at separation is employed for further inter-
pretation of the schlieren image. Since this pressure rise measured in the model’s midspan 
part extents over a longer distance in downstream direction, such pressure rise is achieved 
by a weaker shock wave compared to the reference case. This weaker shock wave features a 
smaller density gradient thus the separation shock is hardly visible in the schlieren image. 
The light deflection captured by the schlieren technique depends, besides of the density 
gradient, also on the integration length being the lateral extent of the density gradient in the 
flow field. Such extent is decreased for the case with side walls as only the midspan part acts 
as integration length compared to the whole model width acting as integration length for the 
reference case. Since the schlieren image displays a strong and discrete density gradient 
upstream of the kink, the pressure rise in the parts influenced by the corner flow is accom-
plished by oblique shock waves which result in the pressure rising to the plateau pressure in 
a shorter distance than in the midspan flow.  
The Stanton number distribution determined by the thermocouples also indicates a larger 
separation length in the midspan of the model (Fig. 4-48) and agrees with the separation 
positions obtained by the schlieren images. The most upstream thermocouple (s/L1 = -0.58) 
observes the same heat flux as measured for the reference case, but the two thermocouples 
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upstream of separation (s/L1 = -0.27 and -0.23) indicate lower heat fluxes due to the pre-
vented side flow. Therefore, the side wall installation leads to a thicker boundary layer in the 
midspan of the model and this thicker boundary layer insulates the wall better from the high 
enthalpy outer flow and thereby reduces the heat flux. Downstream of the reattachment 
region the wall pressure is increased due to the larger pressure rise of the separation and the 
reattachment shock compared to the pressure rise of the inviscid ramp shock only. Such 
increased wall pressure corresponds to a higher static temperature at the boundary layer 
edge which has an increasing effect on the heat load. Besides the increased boundary layer 
thickness the increased separation size spreading the reattachment process over a wider 
distance has also a reducing effect on the heat load. Concluding, the increased compression 
of the flow is superior compared to the other influences so that the reattachment heat load is 
increased. In the most downstream portion of the second ramp (s/L1 = 0.35 to 0.44) the IR 
line scan indicates that the heat flux still increases and even exceeds the estimated turbulent 
level in the region downstream of the Goertler vortices. The exceeding of the turbulent heat 
flux level is also the result of the increased boundary layer edge temperature. In comparison 
all runs without side wall indicate that none of them exceeds the turbulent estimate (Fig. 
4-35). The increased heat load leads to higher temperatures measured by the IR camera so 
that the displayed temperature range for the IR image of the case with side walls (Fig. 4-29) 
is raised compared to the IR image of the reference case (Fig. 4-28). 
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Fig. 4-48: Stanton number distributions with and without sidewalls, Cond. I, TW = 300 K, dashed sepa-
ration (sep.) and reattachment (rea.) positions from schlieren images 
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For the case with side walls the thermocouple measurements and the IR line scan show 
different separation positions which are indicated by the rapid heat flux decrease. The line 
scan’s position (y/B = 0.17) is shifted from the midspan thus indicates a separation position 
between the midspan flow and the corner influenced flow (Fig. 4-29). The reattachment line 
is marked by the upstream edge of the Goertler vortices’ footprints and is representative for 
the form of the separation line. The Goertler vortices’ distribution appears to be more regu-
lar compared to the reference case. Also the number of vortices’ footprints is increased thus 
the vortex’s diameter is nearly unchanged. The flow field downstream of the Goertler vor-
tices’ breakdown shows the same behaviour as described for the reference case. 
The finding of the separation line’s tongue form is also confirmed by the lateral pressure 
and Stanton number distributions (Fig. 4-49). The most upstream pressure distributions of 
the two cases (s/L1 = -0.461) indicate no deviation in the midspan of the model (y/B  0.2) 
as well as a slight decrease towards the model sides for the reference case and a slight in-
crease for the side wall case. With regard to the lateral pressure distribution upstream of the 
kink (s/L1 = -0.13) the outer measurements of the side wall case (y/B = 0.3 and 0.4) are 
located upstream of the separation line whereas the inner measurements (y/B = 0.0 and 0.1) 
are located within the separation bubble. Therefore, the inner ones agree with the plateau 
pressure coefficient cp,II and the outer ones are unchanged compared to the measurements 
upstream of separation ((s/L1 = -0.461). For the case with side walls the most upstream 
Stanton number distribution (s/L1 = -0.561) in lateral direction measured a heat flux de-
crease from the midspan towards the side wall. According to the IR image (Fig. 4-29) the 
corner flow increases the heat load locally which can not be observed due to the limited 
spatial resolution of the thermocouples in lateral direction and the malfunction of the ther-
mocouple at the position y/B = 0.3 which therefore is not included at this position in Fig. 
4-49 (right). The lateral Stanton number distribution upstream of the kink (s/L1 = -0.081) 
crosses the separation line so that the inner thermocouples (y/B = 0.0 and 0.2) are located 
within the separation bubble which is indicated by the heat flux decrease due to the laminar 
separation. The outer thermocouples (y/B = 0.3 and 0.4) measured an even higher heat flux 
than the reference case which is caused by the corner flow and can also be observed in the 
IR image (Fig. 4-29). This spreading of the corner flow from the side walls towards the 
centre line with increased running length can be described similar to the side flow spreading 
angle sketched in Fig. 4-42. The corresponding corner flow spreading angle is determined 
between 4.6° and 4.8°. This range of the corner flow spreading angle is determined with 
respect to the fact that the angle has to be smaller than 4.8° because the outmost thermocou-
ple measurement in the most upstream position (s/L1 = -0.561, y/B = 0.4) is not affected by 
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the corner flow. On the other hand the angle has to be larger than 4.6° to reach the second 
thermocouple counted from the side wall upstream of the kink (s/L1 = -0.081, y/B = 0.3).  
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Fig. 4-49: Pressure (left) and Stanton number distribution (right) in lateral direction for the reference 
case and the intake model with installed side walls (WSW), TW = 300 K 
 
The lateral pressure and Stanton number distributions downstream of the interaction 
confirm the finding of an increased flow compression due to the side wall installation with 
corresponding heat load increase. The pressure distributions of the case with and the case 
without sidewalls demonstrate that the compression decays towards the sides, but the de-
crease for the side wall case is more pronounced. Such pronounced pressure decrease is the 
result of the increased compression due to the displacement effect caused by the corner 
flow. The Stanton number distribution of the side wall case for this position (s/L1 = 0.325) 
shows an increased heat flux level compared to the reference case in the model’s midspan 
(y/B  0.3) with a rapid decrease towards the side walls. This severe decrease leads to heat 
flux levels lower than upstream of the interaction and is the outcome of the complex corner 
flow interacting with the SWBLI in compression corner’s kink. 
4.5.4 Total temperature influence 
To investigate only the total temperature effect on the intake’s flow field, all other flow 
similarity parameters must remain unchanged. The two employed flow conditions of the 
hypersonic shock tunnel TH2 feature similar free stream Mach numbers and only slightly 
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different unit Reynolds numbers thus fulfil this criterion with respect to those similarity 
parameters. Due to the different total temperatures and the constant free-stream-to-total-
temperature-ratio given by the Mach number the free stream temperature is also different. 
Since the solution for the compressible boundary layer equations by Van Driest103 indicates 
an influence of the wall-to-free-stream-temperature ratio on the boundary layer profile (Fig. 
2-7), the wall temperature is raised for the higher total temperature case so that the wall-to-
free-stream-temperature ratio for both cases is similar (TW/TI  1.9).  
For the intake model with mounted side walls the pressure distributions (Fig. 4-50) indi-
cate a smaller separation length for the increased total temperature. The comparison of the 
flow field with and without side walls shows that the plateau pressure coefficient is slightly 
decreased for increased total temperature. The reduced separation size also increases the 
reattachment pressure gradient as the reattachment process is not stretched over a wider 
reattachment region.  
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Fig. 4-50: Pressure distributions for different total temperatures (TW/TI = 1.9), WSW, R = 0 mm, dashed 
separation (sep.) and reattachment (rea.) positions from schlieren images 
 
The IR image for the increased total temperature case (Fig. 4-63) shows that the reat-
tachment line is close to the kink line. The separation line is not visible due to the reduced 
image quality caused by the elevated wall temperature. The increased heat flux due to the 
corner flow is still visible indicating some asymmetry which is also recognized in the reat-
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tachment line. No explanation for this asymmetry has been found, although zero degree yaw 
angle as well as the rectangular inclination of both side walls with respect to the ramp ge-
ometry have been checked carefully. However, the observed relation that the form and the 
distance to the kink of the reattachment line corresponds to the separation line confirms the 
finding of a smaller separation size for increased total temperature. 
 
 
Fig. 4-51: Stanton number distributions for different total temperatures, WSW, R = 0 mm, dashed 
separation (sep.) and reattachment (rea.) positions from schlieren images 
 
The comparison of the Stanton number distributions of the two total temperature cases 
in Fig. 4-51 indicates that both agree with the corresponding laminar boundary layer solu-
tion for the most upstream transducer. For the higher total temperature case the two meas-
urements just upstream of the kink measure very low heat fluxes so that the accuracy of 
these measurements is questionable and the measurement are therefore excluded. Neverthe-
less, the thermocouples are not defect and confirm with a Stanton number below 10-4 the 
laminar character of the SWBLI’s separation. Till separation both total temperature cases 
feature a lower heat flux than respective laminar boundary layer solution which is discussed 
in chapter 4.5.3 and caused by the side wall effects. For the higher total temperature case the 
decreased Stanton number refers – with respect to the Reynolds analogy – to a decreased 
skin friction coefficient. According to the free interaction theory this decreased skin friction 
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coefficient leads to a decreased plateau pressure (eq. (2.36)) and decreased incipient separa-
tion pressure, whereby the latter is discussed in more detail later. The laminar separation and 
the decreased upstream extent of the SWBLI for increased total temperature as well as the 
high turbulent heat flux downstream of reattachment are observed. For increased total tem-
perature the separation size is decreased and with it the reattachment heat flux reaches the 
same level as observed for the lower total temperature. Therefore, the heat flux increase as a 
result of the reattachment is more pronounced for the higher total temperature case because 
this case features a more compact SWBLI. Besides the total temperature effect the heat flux 
difference of the laminar boundary layer solutions is mainly caused by the slightly different 
free stream Reynolds numbers of the different tunnel conditions. This difference is enhanced 
due to the compression of the first ramp shock so that the boundary layer edge Reynolds 
numbers are 5.4·106 1/m and 9.1·106 1/m for the cases with total temperature of a 1300 K 
and 2200 K, respectively. A Reynolds number increase, while keeping Mach number, wall 
temperature ratio and total temperature constant, leads to a reduced Stanton number as 
shown e.g. by equation (2.17) given in chapter 2.2.2.  
Before the observation of the decreased separation size for increased total temperature is 
discussed, the Reynolds number difference of the two tunnel conditions I and II and its 
effect on the separation size is recalled. This becomes even more important as this differ-
ence is enhanced due to the first ramp shock as described above. In chapter 4.4.1 this Rey-
nolds number effect is investigated stating that an increased Reynolds number causes a 
larger separation size. Therefore, the increased Reynolds number for the higher total tem-
perature is not the reason for the separation size decrease. Moreover, in a recent numerical 
study25 of this flow field with identical free stream conditions but excluding the unit Rey-
nolds number difference Fischer, Neuenhahn and Olivier25 confirmed this total temperature 
effect. 
To explain such total temperature effect (constant Reynolds number, Mach number and 
wall temperature ratio) with the analytically based model, the total temperature influence on 
the different terms of the separation length equation (eq. (4.25)) is analysed. The increased 
total temperature decreases the skin friction factor Ccf and the sonic height factor Ch ob-
tained from the analytical boundary layer solution of Van Driest103 whereby the skin friction 
coefficient decrease for a constant Reynolds number is also given in equation (2.13) for the 
decreased Chapman-Rubesin factor with total temperature increase. Hence, both impacts 
nearly compensate each other and with it are not the reason for the separation size decrease. 
According to the incipient separation correlation (eq. (4.14) to (4.16)) the skin friction factor 
decrease also reduces the incipient pressure thus provokes a larger separation size which is 
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in contrast to the experimental and numerical observations. Hence, the correctness of the 
incipient separation correlation, if only the total temperature is varied, is questionable. The 
idea that the incipient separation angle increases with a rising total temperature evolves from 
comparisons of the studies by Katzer,47 Needham69 and Holden40 which are presented in 
chapter 2.4.2 and discussed in chapter 4.3. These correlations predict e.g. at a Mach number 
of 10 an incipient separation angle of 5°, 11° and 12°, respectively. For the development of 
their correlations the free stream conditions included total temperatures of 300 K, 670 K to 
3200 K and 2900 K to 6000 K, respectively (Fig. 2-20). Therefore, it seems quite reasonable 
that the incipient separation angle increases with total temperature. For the further discus-
sion the condition for incipient separation (eq. (4.4)) is given in equation (4.24) divided by 
the upstream pressure pI. For an increased incipient separation angle the equation’s right 
hand side has to increase with total temperature. The ratio of the impulse to upstream pres-
sure (II/pI) is nearly unchanged according to the laminar boundary layer solution thus the 
effect must be caused by the last term on the right hand side. This term represents the ratio 
of the viscous force counteracting the upstream effect (LUIUI) and the pressure force (h·pI) 
promoting the upstream effect. For increased total temperature this viscous force is in-
creased first due to viscosity level being a function of the temperature within the boundary 
layer, second due to the increased velocity gradient as result of the increased free stream 
velocity and third due to the increased upstream interaction length. This length is defined in 
Fig. 4-2 and the pressure distributions given in Fig. 4-50 indicate the increased extent of the 
pressure rise at separation. The net influence of the increased total temperature on the sonic 
height h is unclear due to the fact that the increased free stream velocity has a decreasing 
influence whereas the increased temperature level has an increasing influence. Further, the 
first ramp pressure pI increases so that the net effect on the pressure force in unclear. If the 
viscous force increase with total temperature increase is larger than a potential pressure 
force increase, the last term in equation (4.24) is enhanced which would explain the total 
temperature effect on incipient separation. Concluding, the total temperature effect on the 
separation length seems to be the result of the incipient separation angle increase. Since the 
total temperature increase for flight applications is caused by a Mach number increase which 
is represented correctly in the developed incipient separation correlation (chapter 4.3), the 
developed correlation delivers reasonable results for the incipient separation angle. More-
over, for the development of the correlation the total temperature has been varied from 200 
K to 10000 K but has always been related to an Mach number increase so that only increas-
ing the total temperature seems not to be captured. According to the total temperatures up to 
10000 K it has to be mentioned that these include the occurance of real gas effects which are 
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not considered here. The same holds for Fig. 2-6 being created by Van Driest103 for which 
even higher total temperatures are incorporated. 
This general applicability is also confirmed by the good agreement with respect to the 
free stream conditions used by Katzer, Needham and Holden to derive their correlations. 
From a designer’s perspective the developed correlation includes some safety margin for 
separation occurring in the higher total temperatures regime. 
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4.5.5 Blunt leading edge influence without side walls 
The blunt leading edge influence has been investigated for the cases without and with 
side walls. The cases without side walls are discussed first and the cases with side walls 
afterwards because the latter are more complex due to the involved corner flow. Neverthe-
less, both cases show similar behaviour for increasing leading edge radius as observed for 
the two-dimensional case (chapter 4.4.6). For the cases without side walls the reversal trend 
of the separation size with increased leading edge radii is shown in Fig. 4-52, but compared 
to the two-dimensional case given in chapter 4.4.6 the separation size increase is small. This 
indicates that the side flow has an influence on the reversal point. Due to the fact that the 
density gradients are very small for the leading edge radius of 1.0 mm and 2.25 mm, the 
entropy layer is only partly visible as is discussed later in more detail. For these two cases 
the separation position is defined at the most upstream location of the separation shock 
because the separation causes a flow deflection and with it the separation shock. Since the 
resolution of the schlieren images is very high and the quantitative schlieren technique 
allows one to detect even very small density gradients, the detection of the separation posi-
tion is reasonable as the comparison with other measurement techniques implies (Fig. 4-56 
and Fig. 4-57). 
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Fig. 4-52: Separation size of the SWBLI as function of the leading edge radius, Cond. I, TW = 300 K 
 
For the different blunt leading edge cases the schlieren images given in Fig. 4-53 indi-
cate the evolving of an entropy layer, the reversal trend of the separation size and other 
changes on the flow field topology. Due to the increased leading edge radius the first ramp 
shock detaches from the leading edge and curves to the inviscid shock angle (see e.g. the 
detached and curved shock for blunt flat plate case: Fig. 2-12) so that the first ramp shock 
shifts upwards. As described for the elevated wall temperature the shift of the first ramp 
shock effects the mass flow entering the engine and with it the achievable thrust. The 
streamlines, which reach the leading edge of the cowl, are only displayed for the 1.0 mm 
and 2.25 mm case since the displayed heights of the four schlieren images are reduced. Due 
to this reduction the images’ upper edges represent a height of 92.5 mm and thereby these 
images have the same spatial resolution as the three schlieren images displayed for the wall 
temperature effect. The shift of the first ramp shock causes a mass flux decrease. This de-
crease with respect to the design point amounts to 2.3 %, 13 % and 21.5 % for the cases with 
a leading edge radius of 0.5 mm, 1.0 mm and 2.25 mm, respectively. 
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Fig. 4-53: Schlieren images of the model without side walls and different leading edge radii, Cond. I, 
TW = 300 K, displayed density gradient range: ± 100 kg/m4 
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Fig. 4-54: Temperature distributions normal to the wall upstream of the interaction (s/L1 = -0.73) for 
different leading edge radii obtained by numerical simulations 
 
For a more detailed discussion of the entropy layer and its identification in the schlieren 
images, the schlieren images are compared with the temperature distributions obtained by 
the numerical simulations (Fig. 4-54). These distributions are normal to the wall at a posi-
tion upstream of the SWBLI (s/L1 = -0.73). For increasing leading edge radii the distribu-
tions show an increase of the maximum temperature and of the temperature boundary 
layer’s height. Due to the constant pressure in the direction normal to the wall the tempera-
ture distribution represents the inverse of the density distribution as stated by the equation of 
state. The temperature distributions of the different blunt leading edge cases allow one to 
derive the corresponding temperature gradients which are representative for the density 
gradients displayed in the schlieren images. The numerical solutions also contain the density 
distributions, but the relation between the density gradients displayed in the schlieren image 
and the temperature distribution should be emphasized. This is especially important because 
the temperature distribution describes the boundary layer (chapter 2.2) and is therefore, 
besides other influences, the result of the wall temperatures, the boundary layer edge tem-
perature and the total temperature. Hence, this relation between the observed schlieren 
image and the temperature distribution permits a better understanding of the different influ-
ences on the temperature boundary layer. To identify the temperature boundary layer unaf-
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fected by an entropy layer, the sharp leading edge case is considered first. For the following 
analysis a line normal to the wall upstream of the SWBLI is imagined. The coordinate along 
this line is employed for the description of the density gradient and is defined positive for an 
increasing distance to the wall. Starting along this line in the inviscid outer flow towards the 
wall, the first ramp shock is passed. This shock appears dark because the density increases 
across a shock wave thus being a negative density gradient with respect to the defined coor-
dinate. Concluding, a positive density gradient is indicated bright and regions without den-
sity gradient appear grey as e.g. the inviscid flow region between the first ramp shock and 
the SWBLI. Proceeding the analysis along the imagined line the boundary layer is displayed 
first by a bright and then by a dark portion. The bright portion indicates a density decrease 
or the temperature increase to the maximum temperature within the boundary layer. The 
dark portion outlines the temperature decrease from this maximum temperature to the cold 
wall (TW = 300 K). For the sake of clarity, the schlieren image displays the temperature 
boundary layer which for the sharp leading edge case has a height similar to the velocity 
boundary layer assuming a Prandtl number close to one and a negligible pressure gradient in 
streamwise direction. 
The extension of this temperature boundary layer analysis to the analysis of the entropy 
layer is not straight forward so that the entropy layer of an inviscid flow is discussed first. 
The entropy layer in an inviscid flow causes a temperature boundary layer since the stream-
lines contained in the entropy layer have passed different strong shocks thus the entropy 
layer represents the temperature boundary layer of this inviscid case. For the viscous case 
the layer visible in the schlieren image represents the temperature boundary layer edge 
whereas the corresponding upper edge is formed by the entropy layer upstream of entropy 
layer swallowing and by the viscous shear layer downstream of the entropy layer swallow-
ing. Since entropy layer swallowing is not a discrete event, the location could not derived 
from the schlieren image. However, the numerical obtained temperature distributions indi-
cate that the upper edge of the temperature boundary layer is less defined for increased 
leading edge radii which can also be observed in the schlieren images thus for the displayed 
density gradient range the edge vanishes completely for the 2.25 mm leading edge radius 
case. The dark portion of the temperature boundary layer close to the wall increases with 
leading edge radius thus indicating a higher maximum temperature within the temperature 
boundary layer and an increase height of this maximum temperature for increased leading 
edge radius. These two effects are also shown in the numerical solution (Fig. 4-54). 
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Fig. 4-55: Pressure distributions for different leading edge radii without side walls, Cond. I,               
TW = 300 K, dashed separation (sep.) and reattachment (rea.) positions from schlieren images 
 
The pressure distributions of both ramps are given in Fig. 4-55 and more detailed for the 
first ramp in Fig. 4-56. These distributions indicate that the side flow leads to a pressure 
decrease upstream of the SWBLI (s/L1 = -0.15) and that the side flow becomes more pro-
nounced with increased leading edge radii due to the higher overpressure in the leading edge 
region (Fig. 4-24). Therefore, the introduced side flow angle SF raises with leading edge 
bluntness increase. The reversal trend in the separation size with increasing leading edge 
radius is difficult to deduce on the basis of the pressure distributions because the reversal 
trend is superimposed with the side flow. For the sharp leading edge case and the 0.5 mm 
leading edge radius case the separation takes place in the vicinity of s/L1 = -0.065. The 
pressure rise at this position is enlarged for the 0.5 mm case compared to the sharp leading 
edge case thus indicates the slightly increased separation size as observed in Fig. 4-52. For 
the blunt leading edge radius cases of 1.0 mm and 2.25 mm the separation is located in the 
vicinity of s/L1 = -0.05. Therefore, the positions of the pressure rise for the cases with 0.5 
mm and the 1.0 mm leading edge radius demonstrate that the separation size decreases for 
increasing leading edge radius. Moreover, the pressure rise of the most upstream transducer 
in the separated region is larger for the 1.0 mm leading edge radius case compared to the 
2.25 mm leading edge radius case indicating a further separation size decrease. Under the 
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consideration of a nearly unchanged reattachment position the reversal trend can be deduced 
from the pressure measurement for the case without side walls, but the effect is much 
smaller than for the two-dimensional case. The pressure downstream of reattachment de-
creases for increasing leading edge radius thus no overpressure is observed for leading edge 
radii larger than 0.5 mm. For leading edge radii larger than 1.0 mm the inviscid second ramp 
pressure is not reached in the area of measurement on the second ramp. 
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Fig. 4-56: Leading edge bluntness influence on the pressure distribution of the first ramp, Cond. I,      
TW = 300 K, dashed separation (sep.) positions from schlieren images  
 
For all blunt leading edge cases the Stanton number distributions in Fig. 4-57 show that 
the heat flux upstream of the first ramp (s/L1 < -0.15) is slightly higher than for the sharp 
leading edge case. This is due to the increased maximum temperature within the entropy 
layer as described above. Moreover, the side flow affects the flow field between the de-
scribed upstream part and the SWBLI and thereby provokes two effects with opposite influ-
ences on the wall heat flux. First, the side flow accelerates the flow, thins the boundary layer 
and with it leads to higher heat fluxes (Mangler effect). Second, the side flow causes an 
expansion of the flow thus the boundary layer edge temperature is reduced and thereby has a 
decreasing effect on the heat flux. Due to the slightly increased heat flux the entropy layer is 
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superior upstream of the SWBLI, but for large leading edge bluntness the heat flux increase 
for increasing edge radius stagnates. 
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Fig. 4-57: Stanton number distributions for different leading edge radii without side walls, Cond. I,    
TW = 300 K, dashed separation (sep.) and reattachment (rea.) positions from schlieren images 
 
Downstream of the interaction the heat flux is decreased for an increased leading edge 
radius. This is the result of the reduced compression which is indicated by the pressure 
distributions (Fig. 4-55). In addition to the effect of the reduced compression on the heat 
flux of the second ramp, the reversal trend of the separation size has to be considered. For an 
increased separation size also the reattachment is stretched over a wider distance. This 
stretching lowers the gradients in the flow (Fig. 4-53) and thereby reduces the corresponding 
reattachment heat flux. For leading edge radii smaller than 0.5 mm the SWBLI is located 
downstream of entropy layer swallowing so that the separation size increases for a leading 
edge radius augmentation from 0.0 mm to 0.5 mm. Therefore, this increase of the leading 
edge radius has a reducing effect on the reattachment heat flux. Such reduction represents an 
additional impact to the described general effect of reduced compression for increasing 
leading edge radius. Concluding, the leading edge radius increase from sharp to 0.5 mm 
causes a significant reduction of the reattachment heat flux. For leading edge radii larger 
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than 0.5 mm the SWBLI is located upstream of entropy layer swallowing so that the separa-
tion size decreases with a leading edge radius increase. This reduced separation size has an 
increasing effect on the reattachment heat flux, but this heat flux increase is compensated by 
the reduced compression so that the reattachment heat flux declines only slightly for a lead-
ing edge radius increase from 0.5 mm to 1.0 mm. By further increasing the leading edge 
radius to 2.25 mm the effect of reduced compression becomes even more pronounced as 
indicated by the pressure distribution. Therefore, the effect of decreasing separation size is 
small compared to the effect of reduced compression. 
4.5.6 Blunt leading edge influence with side walls 
The schlieren images for the scramjet intake’s flow fields with mounted side walls and 
different leading edge radii are given in Fig. 4-58. The investigation described in the follow-
ing first discusses the leading edge effect on the visible layer upstream of the interaction and 
afterwards on the whole intake flow field. The visible layer represents the boundary layer 
superimposed with the corner flow and the entropy layer. The corner flow without entropy 
layer is shown in Fig. 4-45 and the entropy layer without corner flow in Fig. 4-53. For the 
cases without side walls the entropy layer and the boundary layer are represented by a bright 
layer on top of a thinner dark layer. The bright layer indicates the temperature increase 
towards the maximum temperature and the small dark layer the rapid decrease afterwards 
towards the cold wall (Fig. 4-54). In contrast, with regard to the cases with side walls and 
leading edge radii of 0.5 mm and 1.0 mm an additional grey layer between the bright and the 
dark layer is observed. This grey layer represents a constant temperature level being the 
maximum temperature of the visible layer. This is due to the fact that the visible layer’s 
bright part indicates a temperature increase from the visible layer’s edge temperature and the 
dark part a temperature decrease towards the cold wall. The enlargement of the maximum 
temperature region is in contrast to the characteristic hypersonic boundary layer’s tempera-
ture profile which features a defined temperature maximum. Therefore, this characteristic 
profile decays with increased leading edge radius and due to corner flow. No further conclu-
sions could be drawn because the schlieren technique compresses the complex three-
dimensional flow field (Fig. 2-24) into a two-dimensional schlieren image.  
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Fig. 4-58: Schlieren images for different leading edge radius, density gradient range: ±70 kg/m4 
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For an increased leading edge radius the visible layer’s thickness also increases so that 
the zoom represents a section of 10 mm times 12 mm. The density gradients become less 
pronounced with increasing leading edge radius so that the visible layer vanishes for the 
case of 2.25 mm leading edge radius completely (Fig. 4-58). During the experiments the 
first windows have been damaged in the upper left corner so that the bright grey obstacles 
should not be misinterpreted. The two separation shocks identified for the sharp leading 
edge case (chapter 4.5.3) can also be observed for the cases with 0.5 mm and 1.0 mm lead-
ing edge radius. The visible layers of the different cases are processed by the corresponding 
SWBLIs so that the brightness of the layer’s brighter part is increased and with it the density 
gradients are larger downstream compared to the gradients upstream of the SWBLI. For all 
investigated leading edge radii the first ramp shock is captured, excluding the case with 2.25 
mm leading edge radius so that for all cases except the 2.25 mm case spillage of the com-
pressed flow due to side flow is prevented. As observed for the cases without side walls, the 
path of the first ramp shock is altered due to the leading edge radius increase. The horizontal 
upper edge of the side wall represents the cowl height of 100 mm and the diamond indicates 
the design point of the cowl’s leading edge. According to the shift of the first ramp shock 
the spillage mass flow increases from 5.2 % for the sharp leading edge to 7.5 %, 10 % and 
19.5 % for the leading edge radii of 0.5 mm, 1.0 mm and 2.25 mm, respectively. Also the 
second ramp shock moves upstream but would impact on the cowl plate for all investigated 
leading edge radii thus would cause a SWBLI on the cowl plate. The expansion fan at the 
intake’s shoulder is an indicator for the local Mach number. Since the edges of the expan-
sion fan are Mach waves, the angles of these edges with respect to the flow direction deter-
mine the Mach number. Due to the fact that the angle of these Mach lines increase with 
increasing leading edge radius, the Mach number of the flow at the intake’s shoulder is 
decreased for increasing leading edge radius.  
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Fig. 4-59: Schlieren image of the flow field with a leading edge radius of 2.25 mm: decreased meas-
urement range by optical setup (upper), digital decreased measurement range (lower) 
 
The decreased density gradients of the 2.25 mm leading edge radius case prevent the 
identification of any separation phenomena so that the schlieren optic’s measurement range 
has been adapted. This adaption enhances the contrast to visualize also this separation proc-
ess. For the images shown in Fig. 4-58 the optical measurement range is ±134.6 kg/m4, as 
presented for the sharp leading edge case in Fig. 4-45, whereas the display range (digital) in 
Fig. 4-58 is reduced to ±70 kg/m4. To even display smaller density gradients allowing the 
identification of more flow field details, the measurement range of the system is further 
adapted. First, the optical setup is modified by the reduction of the source image height from 
6 to 1 mm thus the optical measurement range is decreased from ±134.6 kg/m4 (Fig. 4-58 
(lower)) to ±22.4 kg/m4 (Fig. 4-59 (upper)) and the optical contrast (without digital adap-
tion) is increased by a factor of 6. Therefore, the separation shocks are observable and the 
visible layer’s height can be determined. The drawback of the decreased display range is 
that it is not possible to distinguish between the first ramp and the shock due to the side wall 
installation because these shocks appear as merged. For a further decrease of the measure-
ment range by digital means to ±10 kg/m4 those two shocks appear as thick black line (Fig. 
4-59 lower). Also the free stream in the upper portion of the image shows some density 
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variations thereby indicating the noise in the measurement chain and with it the limit of the 
digital measurement range adaption. However, these adoptions permit the identification of 
the separation shock and of the visible layer’s height. The separation positions for the blunt 
leading edge cases are defined by the crossing point of the more upstream separation shock 
and the upper edge of the grey layer. Since the separation shocks for the larger leading edge 
radius cases are somewhat fuzzy, these separation shock are extrapolated so that correspond-
ing separation positions have to be used with care. The reattachment positions are deter-
mined by the point where the separated shear layer reattaches on the second ramp, which 
seems according to the displayed images a bit undefined, but two details should be kept in 
mind. First, the size of a pixel in the real flow field is 0.069 mm times 0.069 mm thus the 
area of separation and reattachment have been magnified. Second, the contrast of the images 
has been further increased. Hence, the agreement the separation and reattachment positions 
determined with respect to the pressure and Stanton number distributions is reasonable being 
discussed later in this subchapter. 
The influence of the leading edge bluntness on the form of the separation bubble is dis-
cussed on the basis of the IR images of the sharp (Fig. 4-29) and 0.5 mm leading edge radius 
case (Fig. 4-64). For the blunt case the separation is located further upstream and the lateral 
extent of the corner flow part upstream of the interaction is nearly unchanged. The reat-
tachment line in the midspan is almost straight and bends upstream towards the side walls. 
The highest heat loads have been observed in the midspan part downstream of reattachment 
whereby this midspan part is restricted by two regions of low heat flux stretching from the 
kink line to the downstream edge of the second ramp. The Goertler vortices in this midspan 
part are not displayed clearly which might be caused by the relative small heat flux variation 
in spanwise direction. This finding of the decreased heat flux variation for increasing lead-
ing edge bluntness agrees with the observations by Coet13 (chapter 2.5.1). It should be 
pointed out that the thermocouple row in streamwise direction marks the midspan of the 
model thus the observed flow field is symmetric to the centre line. The upper edge of the IR 
image coincides with the inner side of the side wall whereas the lower edge of the IR image 
does not. Therefore, the region next to the side wall with increased heat flux is not fully 
shown for the lower part of the IR image. Concluding, the flow field in spanwise direction 
consists of a hot midspan part as well as two corner flow parts whereby each of the latter 
comprise a region with higher and a region with lower heat flux. In respect of the upper 
corner flow part in the IR image the reason for these two regions could be a longitudinal 
vortex rotating in counter clockwise direction with respect to the flow direction. This rota-
tion transports hot gas of the outer flow towards the ramp’s surface causing the high heat 
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flux next to the side wall. In the low heat flux region the vortex carries fluid away from the 
surface and with it decreases the heat flux. This also explains that the corner vortex in the 
lower part of the IR image rotates in clockwise direction. Such footprints of the vortices are 
similar to the footprints of the Goertler vortices whereby the corner vortices have a much 
larger diameter. At the position of the second ramps lateral thermocouple row (s/L1 = 0.325) 
these vortices have a diameter of about 20 mm or each spans 20 % of the intake’s width. 
The reason for the occurrence of these corner vortices might be the form of the reattachment 
line. To explain such occurrence, two streamlines at different lateral positions passing the 
SWBLI are considered. The first one is closer to the side wall and located within the corner 
flow influenced part whereas the second is located in the midspan part. Since the first 
streamline reattaches further upstream compared with the second streamline, the latter is still 
not influenced by the reattachment process at the reattachment position of the first one. Due 
to the reattachment the pressure of the first streamline is increased compared to the second 
streamline so that a cross flow from the side wall to the midspan of the flow slightly above 
the second ramp is induced. Hence, the first streamline is first turned towards the second 
ramp in the xy plane and then towards the midspan in the xz plane (Fig. 2-4). This turning 
causes helical movement being similar to that observed for the Goertler vortices (Fig. 2-21) 
whereby the described corner vortex has a larger diameter than that of the Goertler vortices.  
Besides the described effect on the flow field downstream of the SWBLI the blunt lead-
ing edge influences also the flow field upstream of the interaction which is reflected in the 
observed schlieren image. On the one hand the extent of the midspan separation part is 
increased for the blunt leading edge case (Fig. 4-64) compared to the sharp leading edge 
case (Fig. 4-29). On the other hand the leading edge bluntness raises the heating in the cor-
ner flow influenced parts and with it the gradients of the flow. Both considerations have an 
impact on the obtained schlieren image because the first one increases the effective integra-
tion depth of the light passing the density gradient and the second one increases the density 
gradient (eq. (3.9)). Hence, both separation shocks are visible in the schlieren image for the 
case of 0.5 mm without decreasing the density gradient range of the displayed image. How-
ever, this decrease of the density gradient range has been required to observe both separation 
shocks for the sharp leading edge case. 
The effect of increasing leading edge radius on the pressure distributions is given in Fig. 
4-60 and more detailed for the first ramp in Fig. 4-61. The latter indicates clearly the rever-
sal trend of the separation size with a leading edge radius increase. Due to the fact that the 
first ramp shock for the case with a 2.25 mm leading edge radius is not captured completely 
by the side wall, the pressure on the first ramp is reduced due to the not occurring SWBLI of 
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the first ramp shock and the side wall boundary layer. The plateau pressure rise is similar for 
all investigated leading edge radii, but the pressure on the second ramp is significantly re-
duced for an increased leading edge radius. Also the distance for pressure recovery in down-
stream direction is stretched for increasing leading edge radius. Hence, a pressure overshot 
compared to the inviscid second ramp pressure is observed for all leading edge radii except 
for the largest (R = 2.25 mm). 
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Fig. 4-60: Pressure distributions for different leading edge radii with side walls, Cond. I, TW = 300 K, 
dashed separation (sep.) and reattachment (rea.) positions from schlieren images 
 
The Stanton number distributions given in Fig. 4-62 indicate similar heating levels on 
the first ramp in front of the separation for the different blunt leading edge cases. These heat 
flux levels are lower than those obtained in the theoretical solution of the planar laminar 
boundary layer. Downstream of reattachment the heat load levels decrease with leading edge 
radius increase because the entropy layer reduces the pressure downstream of reattachment. 
For constant flow parameter like Mach number, Reynolds number, etc. such reduced pres-
sure indicates a lower boundary layer edge temperature which causes a reduced heat load. 
The reason for this reduced pressure is the decreased Mach number within the entropy layer 
which causes – according to the oblique shock relations – a weaker pressure rise for the 
given deflection of the second ramp. Due to the fact that this entropy layer effect extends 
further downstream for increasing leading edge radius, the reattachment heat flux increases 
over a longer distance in downstream direction until the turbulent heating level is reached.  
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Fig. 4-61: Pressure distributions for different leading edge radii with side walls, first ramp, Cond. I, 
dashed separation (sep.) positions from schlieren images 
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Fig. 4-62: Stanton number distributions for different leading edge radii with side walls, Cond. I,         
TW  = 300 K, dashed separation (sep.) and reattachment (rea.) positions from schlieren images 
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Fig. 4-63: IR image for increased total temperature with side walls, Cond. II, TW/TI = 1.9, R = 0 mm  
 
 
Fig. 4-64 IR image for a leading edge radius of 0.5 mm and with side walls, Cond. I, TW = 300 K 
 
 
Fig. 4-65: Schlieren image of the shoulder flow for the reference case, Cond. I, TW = 300 K, R = 0 mm 
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4.6 Undisturbed shoulder flow 
The colour schlieren image of the shoulder flow for the reference case without side 
walls and a sharp leading edge (Fig. 4-65) displays the Prandtl-Meyer expansion which 
processes the turbulent flow generated by the SWBLI. This process cancels the turbulent 
nature of the flow and decreases the turbulence intensity. The same phenomenon has been 
observed in the numerical solution (Fig. 4-66) which shows the boundary layer heights 
upstream and downstream of the shoulder. These findings are in agreement with the model 
given in Fig. 2-11 indicating that a new boundary layer develops from the shoulder with 
turbulent edge conditions generated by the upstream boundary layer. Moreover, this model 
indicates that these turbulent edge conditions lead to transition of the new laminar boundary 
layer further downstream.  
 
 
Fig. 4-66: Turbulence intensity in the vicinity of the inlet shoulder, Cond. I, TW = 300 K, R = 0 mm 
 
This transition process downstream of the intake’s shoulder has also been observed in 
the experiments. The zoomed BW schlieren image of the intake’s shoulder (Fig. 4-67) dis-
plays a white stripe above the horizontal isolator wall. This stripe represents the temperature 
increase from the relative cold boundary layer edge towards the maximum temperature 
within the boundary layer. Chapman11 states that the vanishing of this stripe designates 
transition. This is due to the fact that the gradients in a turbulent boundary layer are larger 
than in a laminar boundary layer so that the maximum temperature in the boundary layer 
and thereby the temperature gradients are closer to the wall. Downstream of the intake’s 
shoulder a white stripe displaced from the horizontal wall appears and then starts to decay 
after a certain distance in downstream direction (Fig. 4-68). While this stripe decays, a new 
white stripe develops very close to the wall. According to Chapman the flow field down-
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stream of the intake’s shoulder consists of a laminar boundary layer, a transition zone and a 
turbulent boundary layer further downstream. The transition onset is defined by the up-
stream front of new white stripe close to the wall which is located 17 mm and transition 
completion is defined by the decay of the white stripe developing from the intake shoulder 
being located 44 mm downstream of the intake’s shoulder. This finding has to be confirmed 
with heat flux measurements but shows once more the great potential of the schlieren tech-
nique. 
 
Fig. 4-67: Schlieren image showing the transition downstream of the intake’s shoulder, Cond. I,         
TW = 300 K, R = 0 mm 
 
 
Fig. 4-68: Sketch of the transition downstream of the intake’s shoulder, grey thick lines show the tem-
perature distributions for the laminar (lam.) and the turbulent (turb.) boundary layer
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5 Conclusion and outlook 
In the hypersonic regime scramjet engines offer a great potential for future propulsion 
systems of space transportation applications. The intake of a scramjet engine compresses the 
incoming air for an efficient combustion cycle while aiming to produce minimum drag and 
heat load. One feature of the scramjet intake’s flow field is the shock wave/boundary layer 
interaction (SWBLI) which causes high peak heat loads and affects the direction as well as 
the load of the aerodynamic force. The interaction occurs e.g. at compression corners and 
locations of shock wave impingement on boundary layers. The corresponding shock wave is 
generated due to flow deflection e.g. at the intake cowl. As space launcher propulsion de-
vice, the scramjet accelerates the launcher and with it increases its velocity and flight alti-
tude. This affects the flow similarity parameters like Reynolds number, Mach number and 
total temperature all affecting the SWBLI so that the interaction changes during flight. The 
current understanding of SWBLIs allows the prediction of the aerodynamics and the heat 
load of a scramjet intake flow field with occurring SWBLI, if the size of the interaction is 
known. Since this size could so far not be estimated and varies during flight of a space 
launcher, the aim of this study was to provide a correlation for the separation size and to 
describe the variation of this size for the different flow similarity parameters. The approach 
of this study employed experimental testing as well as numerical simulations whereby the 
latter utilized the performed experiments during this study as well as experiments conducted 
by other investigators. Through such additional test cases, the number of covered similarity 
parameters could be increased so that the experiments and numerical simulations provided a 
good validation data base for the developed analytically based model of the SWBLI size. 
The hypersonic shock tunnel TH2 produced the desired hypersonic free stream condi-
tions at different total temperatures to test the employed models which were a double ramp 
configuration and a scramjet intake. Both permitted the investigation of different leading 
edge radii and of different wall temperatures which were provided by the installed electric 
heating. The double ramp configuration was a redesign of a previous model and addressed 
two-dimensional SWBLIs in the midspan of the model. To study three-dimensional effects 
on the SWBLIs and their influence on the scramjet intake’s flow field, at first the scramjet 
intake model had to be developed. This development included the improvement of the 
model heating technique which allowed wall pressure measurements during experiments 
with wall temperatures up to 1000 K. Regarding the model heating technique, two con-
straints had to be considered. First, for wall pressure measurements the employed transduc-
ers had to be placed as close as possible to the heated model surface. This placement en-
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sured short transducer response times which were required because in the short measure-
ment times of the shock tunnel. Second, because the transducers could not sustain the high 
experimental wall temperatures, the transducers had to be cooled. This cooling being con-
current with the wall heating restricted the maximum achievable wall temperature due to the 
short distance between the heated wall and the cooled transducers. Concluding, the maxi-
mum wall temperature was increased from 760 K for the double ramp experiments to 1000 
K for the scramjet intake experiments. This was achieved due to increased heating power 
and an enhanced thermal insulation. The enhanced thermal insulation was the outcome of 
the developed sandwich construction resulting in maximum temperature gradients of 875 
K/cm within the model. 
To observe the effect of the different flow similarity parameters on the flow field and 
with it on the aerodynamics and the heat load, different measurement techniques were em-
ployed:  
@ wall pressure measurements, 
@ heat flux measurements, 
@ black-and-white schlieren images, 
@ colour schlieren images and 
@ infrared images.  
The potential of the black-and-white schlieren image technique for quantitative meas-
urements was investigated and demonstrated its great potential for planar flows. The gained 
understanding permitted a more detailed interpretation of the schlieren image and thereby of 
the flow field. Moreover, this knowledge was used to increase the image quality by adaption 
of the optical setup and the digital display range thus making the invisible visible. 
The numerical simulations were conducted with the commercial code CFX which was 
validated for hypersonic flows by comparisons with analytical solutions and empirical corre-
lations for various hypersonic flow phenomena. For this validation and the investigated 
SWBLI, grid convergence studies were performed to ensure grid independency. The SWBLI 
simulations were conducted with laminar, transitional and turbulent shear layer behaviour so 
that the experimental and numerical data set covered following influences on the SWBLI: 
@ Reynolds number, 
@ Mach number, 
@ total temperature, 
@ boundary layer state (laminar, transitional, turbulent), 
@ wall temperature, 
@ leading edge bluntness, 
@ side flow and, 
@ side wall installation. 
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To describe the extent of the SWBLI, an analytically based model of the SWBLI was 
developed based on the momentum equation and employing several simplifications. The 
model explains the effects of the different flow similarity parameters on the SWBLI and was 
compared to the numerical simulations increasing the model’s accuracy. The pressure rise 
which is necessary to cause incipient separation, was considered in the model. This incipient 
separation pressure rise had already been correlated by different authors giving deviating 
results for a wide Mach number range and other flow similarity parameters so that a new 
correlation was developed. This correlation is the same as for the SWBLI model based on 
physical reasoning thus allows a more detailed understanding of the incipient separation 
process.  
The conducted experiments with the double ramp model and the employed experiments 
of other researchers addressed SWBLIs which were deemed to be two-dimensional in the 
midspan of the wind tunnel models. For laminar SWBLIs the increase of separation size 
with increasing Reynolds number, decreasing Mach number and decreasing total tempera-
ture were proven with the analytically based model. The influence of the shear layer state on 
the SWBLI is to decrease the separation size from laminar to turbulent shear layer behaviour 
whereby transitional interactions represent the separation sizes between the limiting laminar 
and turbulent cases. If the transition is completed more rapidly, the separation size is de-
creased due to the increased shear forces within a turbulent shear layer. Besides this effect 
on the separation size, the effects of elevated wall temperature increasing the separation size 
on the one hand and of increased leading edge radius on the other hand were investigated 
with the double ramp model. An increased leading edge radius enlarges the separation size 
for small leading edge radii and decreases the separation size for leading edge radii being 
larger than a critical radius. It was observed that this reversal trend of the separation size for 
increasing leading edge radius is the result of the entropy layer swallowing phenomenon. 
Since leading edge bluntness provokes the entropy layer, it also defines the position of 
entropy layer swallowing in downstream direction. Due to the fact that entropy layer swal-
lowing at the separation of SWBLI causes the largest SWBLI, the corresponding leading 
edge radius is the critical one. All mentioned influences on the SWBLI were analysed based 
on physical reasoning with the developed analytically based model. The prediction of the 
separation length with the analytically based model showed good agreement with the ex-
perimental and numerical results whereby some limitations remain. 
The experiments conducted with the scramjet intake model focused mainly on the 
SWBLI at the kink of the compression ramps including three-dimensional effects. The flow 
field with omitted side walls showed clearly the effect of side flow leading to a smaller 
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separation length of the SWBLI compared to the numerical simulation of the two-
dimensional flow field. The observations concerning the side wall installation indicated a 
complex three-dimensional flow field with the separation and the reattachment line having a 
tongue shape compared to the almost straight line in the two-dimensional case. The corner 
flow between the side walls and the compression ramp geometry increased the heat load of 
the first ramp locally, but the heat load in the midspan part of the first compression ramp 
was decreased due to the prevented side flow. For the experiments with installed side walls 
the pressure level of the second ramp was increased significantly compared to the inviscid 
two-dimensional solution. This was due to the prevented spillage flow and the additional 
compression due to the corner flow and the boundary layers on the side walls. The SWBLI 
size for omitted and installed side walls increased for increasing wall temperature and for 
decreasing total temperature. The obtained results indicate clearly the importance to repro-
duce all flow similarity parameters of a scramjet intake flow field being Mach number, 
Reynolds number, total temperature, wall temperature and the boundary layer state. For 
future designs the decision to employ side walls for the outer compression will be a com-
promise between the spilled mass flow reducing the maximum thrust as well as the in-
creased drag and heat load due to side wall installation. The side wall installation provokes 
additional shock waves and side wall boundary layers which causes drag and heat load 
increase. 
The investigation of the intake shoulder flow with omitted cowl by schlieren optical and 
numerical means indicated that the expansion at the shoulder reduced the turbulence signifi-
cantly, which was generated by the SWBLI at the compression kink. Further downstream of 
the intake’s shoulder, boundary layer transition took place as observed by the schlieren 
images, thereby indicating a very fragile state of this new boundary layer developing from 
the shoulder. Since the boundary layer state has a large influence on the extent of the 
SWBLI, this observation represents a useful baseline information for the investigation of the 
interaction between this boundary layer and the impinging cowl shock. 
To round off this thesis with respect to the research training group supporting this re-
search, the gained understanding of scramjet intake flows has been included in a new con-
cept engine (Fig. 5-1). Due to the stacking of several engine modules next to each other  
only the outer modules are affected by side flow, whereby the investigated scramjet intake 
represents the width of one module. To prevent this side flow, which reduces the captured 
mass flow and with it the thrust of the engine, the compression ramps’ width increases in 
upstream direction (Fig. 5-1, bottom). This design feature avoids additional heat loads 
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caused by corner flow and drag due to side wall installation so that such concept engine with 
enhancements of other engine parts has been determined to produce net thrust. 
 
 
Fig. 5-1: Concept engine with ten engine modules,26 isometric view (top) and front view (bottom) 
 
Concerning the outlook for future research, the isolator flow of the designed intake 
model will be investigated at the Shock Wave Laboratory in near future. This research 
should address on the one hand the SWBLI of the impinging cowl shock under considera-
tion of the described upstream conditions and on the other hand the shock train of the super-
sonic duct flow for different simulated combustion chamber back pressures. Due to the fact 
that the incipient development of a shock train begins as “simple” SWBLI on one of the duct 
walls, the findings of the underlying study will be very useful for the development of a 
correlation for the shock train length. The intake model allows one to perform high spatial 
resolution heat flux and pressure measurements in the isolator as well as pitot pressure 
measurements at the isolator exit. In addition the model permits the observation of the shock 
train by schlieren optical means. These measurement techniques could be applied to observe 
the effect of different wall temperatures, simulated combustion chamber back pressures, 
different cowl positions and the effect of a bleed slot installation on the isolator flow, since 
the intake model already includes those investigation options. 
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